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Heav'n 
Is as the book of God before us set. 
Wherein to read His wondrous works, and learn 
His seasons, hours, or days, or months, or years. 

MrtiOK. 

This I say, and would wish all men to know and lay to heart, 
that he. who discerns nothing but Mechanism in the Universe, has 
in the fiitallest way missed the Secret of the Universe altogether. 

Cabltle. 
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PREFACE. 



I HAVE endeavoured in this work to give a complete account 
of the phenomena presented by the planet Saturn and its 
system. It might appear, at first sight, that a single planet, 
however interesting or elaborate the scheme of which it is 
the centre, should rather be made the subject of a chapter 
than of a volume, even of the moderate dimensions of the 
present. It will be found, however, that much that is con- 
tained in these pages, is applicable, with suitable. changes in 
matters of detail, to all the members of the solar system. 

The inquiry into the nature of the rings, in Chapter V., 
deals with a subject not uninteresting, I think, on its own 
account, but which gathers an additional interest from its 
bearing on the speculations of Laplace. It is not altogether 
impossible that in the variations perceptibly proceeding in 
the Saturnian ring-system a key may one day be found to 
the law of development under which the solar system has 
reached its present condition. 

Certain points of resemblance between the relations of 
Saturn and our earth, as respects the variations of their 
seasons, have induced me to devote somewhat more space to 
the consideration of the celestial phenomena presented to 
the Satumians than the nature of the subject might appear 
to warrant. These features of resemblance — singular in 
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planets that differ so widely in all other respects — ^may be 
thus presented : — 

The vernal equinoxes of the northern hemispheres of 
Saturn and the earth occur when the heliocentric longitudes 
of those planets are respectively 171° 43' SS^-l, and 180'' ; 
the axes of Saturn and the earth are inclined 26° 49' 27"-87 
and 23° 27' 24"'69, respectively, to the respective orbital 
planes of the two planets ; and the north pole of the Satur- 
nian celestial sphere is separated by an arc of only 7° 7' 24" 
from the north pole of our heavens : again, the longitudes 
of the perihelia of the orbits of Saturn and the earth 
are respectively 90° 23' 36"-4, and 100° 38' l"-8 ; and 
Saturn and the earth are in perihelion after passing over 
98° 40' l"-3 and 100° 38' l"-8, respectively, in longitude, 
from the autumnal equinoxes of their respective northern 
hemispheres. 

Thus the variations in the Satumian seasons more directly 
illustrate the corresponding variations in those of the earth 
than might, at first sight, be supposed. It will be seen from 
the note on page 117 that even the examination of the 
appearance of the rings to the Saturnians is not without its 
bearing on terrestrial phenomena. 

The connection between the subjects treated of in the 
notes forming Appendix I., and the main subject of the 
work, will appear on perusal. The reader is reminded that 
these are notes, not essays ; they contain merely the heads 
of arguments supporting opinions expressed in the body of 
the work. 

The Tables numbered YII., VIII., X. and XI. now appear 
for the first time : parts of the other tables, also, are original. 
The sources from which the tables have been derived, or 
the formulas from which they have been calculated, are given 
in the explanations of the Tables, which I have endeavoured 
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to make as complete as possible. The explanations of astro- 
nomical terms extend only to terms actually used in the pre- 
sent work. 

In the body of the work I have adopted for the sun's 
equatorial horizontal solar parallax (the earth at her mean 
distance) Professor Hansen's determination, namely, 8'''9159. 
More than ten years have elapsed since M. Hansen first 
pointed out that the solar parallax (8''-5776) deduced by 
Encke from the transits of Venus in 1761 and 1 769, requires 
to be increased, to correspond with the observed extent of 
the moon's parallactic inequality. The above value, M 
Hansen's later calculation, corresponds very closely with the 
results obtained by Leverrier and others. In the tables of 
Appendix H., two values are given (correspwiding to the 
above values of the solar parallax) of every element whose 
determination depends upon the sun's distance. 

I have endeavoured to make the engravings represent as 
accurately as possible what they are . meant to illustrate. 
This is to be understood of all the figures throughout the 
work, unless it is expressly stated in the text that general 
principles only are illustrated (as in the first six figures of 
Plate X.) ; or that a part of any figure is purposely exagge- 
rated (as the rings in fig. 1, Plate VIII.) 

In the figures of Plate I., the outlines of the planet and 
rings, and of their shadows, have been determined from 
calculations founded on the dimensions of the planet and 
rings adopted in Tables IH. and IV. ; such details liave then 
been introduced as have been noted by the best observers. 
The slope of the figures is, to a certain extent, a matter of 
indifierence, since it varies with the hour of observation ; but 
to preserve uniformity I have adopted the following rule : — 
The horizontal line through the centre of the disc in the 
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figures of Plates I., VII., IX., and XIIL represents the 
planet's heliocentric path, the direction of the planet's motion 
being from left to right in the figures of Plate I. (which are 
supposed to be seen through an inverting telescope), and 
from right to left in all the other figures. 

The star-maps in Plates 11. and m. are on the gnomonic 
projection.* The stars in Plate III. have been taken (with 
a correction for precession) from the maps of the Society for 
the Difiusion of Useful Knowledge. The positions of the 
stars in Plate 11. have been corrected for the precession of 
the equinoxes, but not for the proper motions, since we have 
no means of learning whether the proper motions of the 
stars are constant for long periods. The path of Saturn in 
Plate ni. has been taken from the 'Nautical Almanacs' for the 
years 1859 — 1866 ; the path in Plate 11. has been calcu- 
lated for an undisturbed elliptic orbit, corrected from Sa- 
turn's present orbit for variations in the position of the nodal 
line and perihehon: thus the minor irregularities in the 
path on Plate III. (chiefly due to the disturbing attractions 
,of Jupiter) are wanting in Plate 11. The figures of the 
constellations have been slightly altered from the Society's 
maps. 

* The gnomonic projection seems the natural mode of projection for star-maps, 
since the eye of all observer viewing the celestial sphere actually occupies the * point of 
sight' of the projection — that is the centre of the sphere. The object to be sought 
in all star-maps, is that the greatest portion possible of the celestial sphere should 
be visible at a single view with as little distortion as possible. In the Society's maps, 
the celestial sphere is projected fifom the centre upon the circumscribing cube ; thus 
forming six maps considerably distorted near the angles. I am preparing a series of 
star-maps on a plan which appears to offer greater advantages. The celestial sphere 
is projected from the centre upon the circumscribing dodecahedron; thus forming 
twelve pentagonal maps much less distorted near the angles than the Society's maps : 
and further, by presenting the six maps of each hemisphere in a single plate in their 
proper relative positions — that is, as five pentagons upon the five sides of the polar 
pentagonal map— the relative positions of the northern or of the southern constella- 
tions are seen at a glance. A slight addition to the outer maps brings the whole 
length of the equator into each sextuple map. 
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The orbit of Nysa in fig. 3, Plate VI., has been derived 
from the elements given in Nichol's * Cyclopasdia of the 
Physical Sciences/ and Mitchel's 'Popular Astronomy' 
(both pubUshed in 1860). I think it Uttle probable that 
these elements are even approximately correct. The direc- 
tion of the planetary motions is indicated in this figure, in 
fig. 1, Plate Vin., and in fig. 7, Plate X., by the Zodiacal 
signs outside the orbit of Saturn ; that is, the motions are 
supposed in these figures to take place in a direction con- 
trary to that in which the hands of a watch move. 

The dimensions of the satellites Mimas, Enceladus, and 
Hyperion, in fig. 1, Plate VII., are slightly exaggerated. 
These satellites would scarcely be visible on the scale of that 
figure. 

The figures of Plate XIV. are derived from woodcuts in 
Layard's 'Nineveh and Babylon' and 'Nineveh and its 
Remains.' 



Ck)]lingwood Villas, Stoke, De\ron : 
May, 1865. 
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ERRATA. 



In Table XI., pa^e 224, heading of first row ; in page 234, line 19 , 
and in page 236;iine 1, for saturnicentric read satumjgraphtcal, under- 
sTandTn^Oie wo;d in a sense corresponding to that of the word.,.,,n,. 
phical in the expression geographical latitude. 

In page 243, lines 18-24, the first parts of the ^-^f^^'^\fjf^^^ 
centlZdige^raphicallatUude^re correct; the parts fh)m Mn other 
words ' to the end must be interchanged. 
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manner, with his ruddy but brilliant light, and swift motions 
amongst the fixed st^rs, was probably recognised as a wandering 
orb at a very remote period. Mercury, on the other hand, twin- 
kling like a fixed star, and never visible but when near the horizon, 
and when his lustre is dimmed by the glory of the rising or set- 
ting sun, probably escaped the notice of astronomers, or was at 
least not recognised as a planet* till long after even Saturn's dull 
orb had been discovered, and his slow movements traced upon the 
celestial sphere. 

Let us consider in what manner the astronomers of old must 
have attained to the discovery of Saturn's planetary nature, and 

♦ Mercury, though probably the last- discovered planet of the ancient system of 
astronomy, was included in the stellar worship practised under the Lachmites by the 
Asedites. 

B 
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CHAPTER I. 

DISCOVERT OP SATURN— THE SIMPLER ELEMENTS OP HIS ORBIT. 

No ACCOUNT, historical or traditional, has been handed down to us 
of the discovery of the planet Saturn. Though he is included in 
the list of wandering stars in the earliest astronomical systems 
whose records have reached us, there can be little doubt that 
Venus, Jupiter, and Mars were discovered long before Saturn — 
the most distant planet known to the ancients. The two first, sur- 
passing in splendour the brightest of the fixed stars, must at a 
very early period have attracted the notice of astronomical ob- 
servers, who could not fail soon to perceive that those orbs were 
changing their positions on the celestial sphere. Mars, in like 
manner, with his ruddy but brilliant light, and swift motions 
amongst the fixed staxs, was probably recognised as a wandering 
orb at a very remote period. Mercury, on the other hand, twin- 
kling like a fixed star, and never visible but when near the horizon, 
and when his lustre is dimmed by the glory of the rising or set- 
ting sun, probably escaped the notice of astronomers, or was at 
least not recognised as a planet* till long after even Saturn's dull 
orb had been discovered, and his slow movements traced upon the 
celestial sphere. 

Let us consider in what manner the astronomers of old must 
have attained to the discovery of Saturn's planetary nature, and 

♦ MercTiiy, though probably the last- discovered planet of the ancient system of 
astronomy, was included in the stellar worship practised under the Lachmites by the 
Asedites. 

B 
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to the knowledge of the various facts respecting him with which 
we learn that they were acquainted. The time thus spent in 
retreading the paths by which past generations attained to know- 
ledge would not be altogether wasted if we only learnt thence 
the lessons of patience and watchfulness. But such an inquiry 
has, in fact, a closer connection with modern science than might at 
first be supposed. In the brief paragraphs that announce each year 
the discoveries of new asteroids or of telescopic comets, we see the 
records of the same patient observation applied in the same manner 
as of old. It is true that the powerful and delicate instruments 
now used, and the application of modern methods of mathematical 
analysis, enable the astronomer to obtain in a few weeks results 
that formerly a life would have been insufficient to compass. An 
air of mystery, also, surrounds his research^, lying, as they do, 
chiefly in depths to which the far-seeing eye of the telescope alone 
penetrates. Yet the modern astronomer, like the observer of old, 
seeks among the celestial bodies the signs of change and motion, 
and when he has detected these, he tracks the wandering orb and 
calculates the extent and character of its orbit. To this work he 
must apply — ^besides his telescopes and his analyses — the old- 
fashioned instruments, patience, energy, and watchfulness. 

At a very early period the ancients separated the stars into con- 
stellations. In all probability this arrangement was soon followed 
by the construction of rough maps, on which the positions of the 
principal stars were noted down. They marked, no doubt, with 
special care, the stars in the zodiac — that belt of the celestial 
sphere within which the sun, moon, and planets were observed to 
move. Let us consider how this process must have led to the 
discovery of Saturn. 

IShining with a dull yellow light, and travelling amongst the 
fixed stars with a scarcely perceptible motion, the planetary nature 
of Saturn remains for a long time unnoticed. But his path on the 
celestial sphere brings him into very close (apparent) proximity 
mth some of the brightest of the fixed stars, and astronomers 
must at length have become too well acquainted with the general 
- <Xaiji5 configuration of the zoadical constellations not to notice the 
presence of a strange star in such a position. Once observed. 
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DISCOVERY OP SATURN. S 

though they might remain in doubt for a few days as to his 
planetary nature, these doubts would soon be set at rest by obvious 
alterations in his bearing with respect to the neighbouring fixed 
stars. 

Let us suppose, by way of illustration, that Saturn is describing 
that part of his orbit indicated in Plate IL, ^id that he is first 
observed when in opposition near the bright star Begulus.* The 
time then is mid-winter.f The heavens — in the eastern clime of 
those first astronomers — are sparkling as if set with myriads of 
varied gems. The greater Lion, with the brilliant stars Deneb 
and Regulus, is in the south-east, slowly risii^ to the meridian. 
Near Eegulus, about a degree and a half to the north, a strange 
star is seen, whose dull yellow light contrasts strangely with the 
dazzling white of the fixed star. As they rise together to culmi- 
nation, and then sink towards the south-western horizon, the 
closest observation can detect no change in their relative positions. 

On the following night the stranger is again seen close to 
Eegulus. But now its position seems slightly changed : — ^it is 
no longer due north of Regulus, but has moved slightly west- 
ward. The change of position is, however, so small as to be 
scarcely perceptible. It is not until several days have elapsed 
that the wandering nature of the stranger is certainly established. 
It passes to the north-west of Regulus, and continues to move 
slowly westward. 

As Mars and Jupiter both appear to move from east to west 
•when in opposition, though their real motion is from west to east, 
it remains doubtful whether the new planet moves from east to 
west, as he appears to do, or, like the other planets, from west to 
east. Careful observation soon shows that Saturn's westward 
motion is gradually diminishing ; yet, when six weeks (the time 

* The bright star below the zodiac, near the centre of the map. 

f Regulus now souths at midnight in the middle of March. Four thousand years 
ago he passed the meridian at midnight two months earlier. The position of the 
ecliptic was also different. Begulus, now nearly half a degree to the north, was then 
south of the ecliptic Saturn's path on the celestial sphere has, in like manner, un- 
dergone several changes ; for instance, the positions of the nodes and of the perihelion, 
and the inclination of the orbit to the ecliptic, have varied, and other changes have 
taken place which need not at present be dwelt upon. 

B 2 
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in which Mars retrogrades after opposition) have passed, Saturn 
is still moving westward, nor has his retrograde motion ceased 
when two months (the corresponding period of Jupiter's retrogres- 
sion) have elapsed. For yet another fortnight he retrogrades, and 
then begins to move slowly along his advancing arc. Although 
he has thus been retrograding for nearly two months and a half 
from opposition, he has passed over an arc of only three degrees 
on the celestial sphere. 

Saturn's progressive motion, slow at first, gradually increases as 
he approaches conjunction, when, becoming an evening star, his 
light is dimmed, and finally lost, in the light of the sun. About a 
month after conjunction, he again becomes visible as a morning 
star. His apparent motion is still progressive, but gradually 
decreases until he becomes stationary. He then slowly retro- 
grades for nearly five months, passing through opposition; be- 
comes stationary again, then advances, and so on continually, 
advancing during seven months and a half and retrograding 
during five, but on the whole slowly traversing the zodiac from 
west to east, or in the order of the signs. 

Having' ascertained that the strange orb is a planet, let us see 
how the ancient astronomers could approximately determine the 
distance and period of the new planet from its apparent motions. 
We may proceed on the supposition that they were acquainted 
with the true system of the world. It would obviously be a 
waste of time to consider, at any length, methods belonging to 
a false system ; there are also good reasons for supposing that the 
true system was actually known to ancient astronomers.* For the 
sake of simplicity, the paths of Saturn and the earth are supposed 
to lie in the same plane, and to be circles about the sun as 
centre. 

In the first place, what inferences may be deduced from Saturn's 
slow retrograde motion when in opposition, his long period of 
retrogression, and the small arc passed over by him in that period? 
To answer these questions it will be necessary to recall to the 
reader's mind the cause of the retrograde motion of a planet in 
opposition. 

* See Note A, Appendix I., Chaldaean Astronomy. 
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DISCOVERY OF SATUBN. 5 

Let s (fig. 1, Plate IV.) represent the sun, BBVthe earth's 
orbit, p p'p" part of the orbit of a superior planet. When the 
earth is at e let the planet be at p, so that (s b p being a straight 
line) the planet is in opposition when at p. Starting from these 
positions, suppose that the earth and the planet, in the same in- 
terval of time, pass respectively over the arcs b b' and p p', e e' 
being greater than P p'. Then it is obvious that the line b'p' is 
inclined to the line e p, and that if these two lines are produced 
they will meet beyond p. Let them be produced, beyond their 
point of intersection o, to K and k' respectively. Now the ob- 
server on the earth sees the planet in the direction e k when the 
earth is at e, and in the direction e'k' when the earth is at e^ ; 
thus the planet appears to have moved in the direction k k', while 
it has actually moved in the contrary direction, namely, from p to 
p'. The amount of the planet's retrograde motion during the 
interval is measured by the angle contained between the lines e p, 
e'p^ that is, by the angle e o e' or k o k' ; and, vice versa, if the 
retrograde arc passed over by the planet on the celestial sphere be 
measured, the angle e o e' becomes known with an exactness pro- 
portioned to the accuracy of the instruments used in eflfecting the 
measurement and the skill of the observer employing them. 

Let us now carry the earth and planet forward in their orbits. 
It is obvious that the path of the earth becomes more and more 
inclined to the line of sight to the planet the farther the earth is 
carried on in the arc eeV; thus if e", p'', and b'^'', p% be 
respectively contemporaneous positions of the earth and planet, 
the angle between the line e'^'p''^ and the arc e^'^'e''' is less than the 
angle between the line e'^p'^ and the arc e'^e', and this angle again 
is less than the angle between the line e'p' and the arc e'e. Hence 
the eflfect of the earth's superior velocity, so far as it operates in 
changing the direction of the line of sight to the planet, gradually 
diminishes, imtil at length the earth reaches a position, as at e'-', 
such that the effect of the direction of its motion exactly counter- 
balances its superior velocity, and the planet appears to be stationary. 
If e'V^' and p'^p^^'' are small arcs passed over by the earth and 
planet in the same time at this period, the line e'^V is parallel 
to the line e'V, the superiority in length of the arc e'^e"'' over 
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the arc-p'^'p'' being compensated by the smallness of the angle at 
which e' V^^ is inclined to the line of sight b'^ V', compared with the 
inclination of p''p'^' to the same line. Thus the planet is seen in 
the same direction at the end of this interval as at the beginning, 
or is stationary.* 

After this, it is plain that the planet will appear to advance, for 
at first the earth's path becomes incUned at a smaller angle to the 
line of sight to the planet, till it coincides with that line ; and 
afterwards, as the earth passes on to conjunction, its motion (con- 
sidered with reference to the line of sight at any instant) is in a 
contrary direction to that of the planet, and therefore adds to 
the planet's apparent motion on the celestial sphere. 

If the planet were visible when in conjunction, its motion 
would appear swifter then than at any other time. Thus let ^sy 
be the line along which conjunction takes place, the earth being 
at e and the planet at p ; and e', %/ the positions of the earth and 
planet after a short interval of time : then ep i& the direction in 
which the planet would be seen when in conjunction, e^j/ that in 
which it would be seen at the end of the int^erval of time. Now 
ep and e^pf meet within the orbit of the planet at o; the angle 
eoe^ or j9 oy' measures the arc on the celestial sphere passed 
over by the planet, and the whole motions both of the planet and 
the earth conspire to increase this angle; whereas in any other 
positions, either the difference of these motions, or only parts of 
them, affect the angle between the lines of sight at the beginning 
and end of any corresponding interval of time. And although the 
angle is diminished when a superior planet is in conjxmction 
liurough the effect of increased distance {ep plainly exceeding e p 
by twice the radius of the earth's orbit, or by twice s e), yet, 
under the actual relations of the velocities and distances of the 
planets,t increase prevails over decrease, and a superior planet, if 

* It must be remembered that the arcs b"b'" and p^p"' are supposed to be very 
small. A planet is not actually stationary during any finite period of time ; retro- 
grade motion merges into progressive, progressive into retrograde, at a definite instant, 
before which (by however small an interval of time) the motion is of one kind, after- 
wards of the contrary; it is only at that instant that there is no motion, progressive or 
retrograde. 

t If <^, D be respectively the mean distances of the earth and of a superior planet 
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visible, would appear to move more rapidly when in conjunction 
than at any other time. A planet is, however, always invisible 
when at or near conjunction, since it then occupies the same region 
of the celestial sphere as the sun, and is therefore lost in his 
superior light. When the planet next becomes visible, however, 
the effect of its swifter motion in conjunction is seen in the change 
of its position among the zodiacal constellations. 

Passing from conjunction to opposition, the planet goes through 
the same changes in a reverse order. Its progressive motion 
gradually diminishes till it becomes stationary ; thence it retro- 
grades through opposition to its next station; and so on con- 
tinually, the total result of its motion in each synodical 
revolution being a progression from tBsi to w^t, or in the order 
of the signs of the zodiac. 

Let us now consider what inferences may be drawn from the 
nature of Saturn's apparent motions on the celestial sphere. The 
first point to be noticed is the slowness of his retrogression when 
in opposition. Now, referring to fig. 1, Plate IV., it becomes clear 
that this must arise from one of two causes. If p p' were very 
nearly equal to b b', b'p' would be very nearly parallel to b'p', 
or, in other words, the angle e o if would be very small. Hence 
the slowness of Saturn's retrogression might arise from his velo- 
city being very nearly equal to that of the earth. But again, 

from the sun ; p, v their respective periods; v, v their respective mean cmgular velocities 
about the sun. We hare fifom Kepler^s third law — 

^ : p : : dt : ©I J 
' butt.: y::^ : £::1-:J_ 

therefore v-v: v +v::d5— rf' : d^ + eP; 
now, on the supposition of circular orbits, the retrograde velocity of a superior planet 
in opposition would be proportional to -_, and the progressive velocity in coiyunc- 

tion would be proportional to ^ ^\ t ^^^ from the proportion deduced above, it follows 

that 

11 11 

■D—d B+d D —d D +d ^ ' 

that is, (since (d5 + d^y « D + <? + 2d2 c^ » or is greater than d + rf, ) the apparent velo- 
city in conjunction is greater than the apparent velocity in opposition. 
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if (the rest of the figure remaining unchanged) we make the 
orbit p i^p'' very large, and suppose the planet's velocity in this 
large orbit to be no greater than in the smaller one, the angle 
bob' would obviously become very small, for the farther p p' is 
removed from b e' the more nearly will e'p' and e p approach to 
pai'allelism. Thus, then, Saturn's slow motion in opposition 
TThight arise from the fact that his orbit is very large compared 
with that of the earth. Hence, within a week of Saturn's dis- 
covery, enough might be known to show that either his velocity in 
his orbit is very nearly equal to that of the earth in hers, or that 
he must move at an immense distance from the earth. 

Another fact revealed by observation points to the true cause of 
Saturn's slow retrograde motion. After opposition he retrogrades 
for nearly two months and a half. In this time the earth has 
completed nearly a quarter of her orbit, and therefore her path 
has become inclined at a very small angle to the line of sight to 
Saturn. Since, then, it is only when the earth's path is thus in- 
clined that hfer superior velocity is so far compensated by inclina- 
tion that Saturn appears to be stationary, it is clear that the 
earth's motion must be much swifter than Saturn's. Hence we 
have only one possible explanation left of the slowness of Saturn's 
retrograde motion ; namely, that it is due to his vast distance from 
the earth. 

Having arrived at this conclusion, let us see how the ancient 
astronomers might apply the results of observations of the new 
planet (even those taken during only the first few months after 
discovery) to obtain more definite notions of his distance, and 
thence to determine his period. 

Let a small circle e b'e'' (fig. 2, Plate IV.) be described to re- 
present the orbit of the earth about s the sun; and with the 
same centre let p p', part of a large circle, be described to re- 
present Saturn's orbit, of which as yet nothing is supposed to 
be known but that it is large compared with the earth's orbit. 
Let E, p be the positions of the earth, and Saturn when the latter 
is in opposition, so that s e p is a straight line. Let e' be the 
position of the earth when Saturn is stationary, that is, two 
months and a half after opposition; thus ese'^ is an angle of 
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about 75**. Through b' let the straight line bV be drawn, 
inclined to SP at an angle containing the same number of 
degrees, minutes, and seconds, as the arc on the celestial sphere 
through which Saturn has been observed to move during the two 
months and a half following opposition : thus b'k' is the line of 
sight from the earth to the planet when the earth is at b^; and v\ 
the point in which b'k' meets the planet's orbit, must be the 
position of the planet at that time. Produce pV to a convenient 
distance from e', to b; through b draw ba in a direction per- 
pendicular to s p, and draw b'a touching the circle e e'b'' in b'. 
We have, then, the following facts to guide us : — the earth and 
Saturn both lie in the line B k' ; the earth is leaving this line in 
the direction b'a ; Saturn is leaving it in the direction of the 
tangent to P p V at p', a direction approximately parallel to b a.* 
Now the planet appears station&ry when at p' — in other words, 
the rates of departure of Saturn and the earth from the line e'p' 
are exactly equaL If, then, we suppose a point to move from b 
in direction b a (which is parallel to Saturn's line of motion at p') 
with Saturn's velocity, and another point to start from b' at the 
same moment in direction e'a with the earth's velocity, then, 
since the rates of departure of these two points from the line b e' 
are exactly equal, they would airive at the point a at the same 
instant. Hence the velocities of these moving points — which velo- 
cities are, by our supposition, the velocities of Saturn and the 
earth respectively — are respectively proportional to b a, e'a, the 
spaces they pass over in equal times. We arrive, then, at the 
important result, that Saturn's velocity in his orbit I the earth's 
velocity in hers :: the line ba : the line b'a, very approxi- 
mately. If the figure is constructed with proper care, we have 
only to measure the lines b a and e^a to determine the value of 
this proportion ; or we can employ a very simple trigonometrical 
calculation for this purposcf Either method leads to the result 

* The tangent at p is parallel to b A ; since, then, the arc pp' is yery small, the tan- 
gent at p', which is perpendicular to s p', is inclined at a very small angle to the tan- 
gent at p, and is therefore very nearly paraUel to b A, and for our purpose may be 
considered as actually parallel to b a. 

t In the triangle A be' the angle bae' is equal to the known angle ese', and the angle 
ab'b is the complement of the angle be's, which is the sum of two known angles ; viz. 
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that A e' is about S-^ times as large as b a, or Saturn's velocity is 
to that of the earth in the proportion of 1 1 to 34, very nearly. 

We can now determine Saturn's distance in either of two ways. 
The orbit pp'p^', assigned to Saturn in the above investigation, 
was simply a circle, large compared with E b'e'', and it is to be 
observed that the dimensions of this circle had nothing to do with 
the formation of the triangle A b e', on which the determination 
of Saturn's velocity was made to depend ; except that, knowing the 
planet's orbit to be large, we were able to assert that the direction 
of its motion at p' was very nearly parallel to b a. But we can 
apply the result just obtained to see whether p p'p'' correctly re- 
presents Saturn's orbit. For the arc p p' passed over by Saturn 
should bear to the arc e e' passed over, in the same time, by the 
earth, the proportion, above determined, of 11 to 34. In our 
figure P p' does not bear this proportion to e e', being too large. 
The radius s p is therefore too small, and we must select such a 
radius in place of sp that the arc intercepted between SP and 
e'p' may be of the requisite length, viz. -^-jths of ee'. It will be 
found that for this purpose s P should be about 9^ times as great 
as s E. 

We may confirm the correctness of this result by applying a 
second method to determine Saturn's distance. Observation shows 
that, when near opposition, Saturn retrogrades daily over an arc of 
about 4^ 43'^ on the celestial sphere. Now Saturn is advancing 
from p .with -J^ths of the velocity with which the earth advances 
from E. Therefore Saturn's motion, as observed from the earth, 
is the same as if he were retrograding with f^ths of the earth's 
velocity. If, then, he were at the same distance from the earth as 
the sun is, he would appear to pass daily over an arc equal to 
'•||ths of the arc passed over daily by the sun, since the sun's 
apparent motion is due to the whole of the earth's motion. Now 
the sun passes daily over an arc of about 59' 8^'.* Thus Saturn, 
if he were at the sun's distance, would pass over nearly 40' 0'' 
daily. But Saturn actually passes over 4' 43'', or about ^ths 

the angle e s e' and the angle of inclination of eV to s p. Thus the proportion that b a 
bears to a b' caai be determined. 
.* The arc passed over daily by the sun is ^^.^ of 360° appraximately. 
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of the arc he would pass over if he were at the same distance as 
the sun from the earth. Hence his distance from the earth when 
in opposition must be greater than the sun's distance from the 
earth in the proportion of 17 12; that is, ep is 8^ times as great 
as s £ ; and therefore s p is 9^ times as great as s e. 

Having thus ascertained Saturn's distance approximately, 
another figure may be constructed (as fig. 3, Plate IV.) in the 
same manner, in which the orbits of Saturn and the earth are 
more correctly proportioned, and a new triangle abb' may be 
drawn, in which UA, instead of being at right angles to sp, is 
parallel to the tangent at j/. The proportion that b a bears to 
A e' in this triangle will more correctly represent the proportion 
that Saturn's velocity bears to the velocity of the earth than the 
corresponding proportion in the original triangle. Thence we 
can arrive at a new and more exact determination of Saturn's 
distance. This might be again applied to correct the triangle 
A B e' ; but the repetition of this approximative process would be 
useless after a second or third construction, since the errors of 
observation, and those due to the supposition of circular orbits, 
are far more important than the corrections that would be obtained 
from a fourth or fifth construction. 

Having determined the proportion that the distance of Saturn 
from the sun, and his velocity in his orbit, bear to the distance and 
velocity respectively of the earth, Saturn's period follows at once. 
The path he describes in completing one revolution round the sun 
is 9^ times as great as the corresponding path of the earth, while his 
velocity is only -^^ths of the earth's velocity ; therefore the time he 
occupies in completing a revolution I the corresponding time 
occupied by the earth (that is, a year) as -^ x f-J- : 1, or as 29^ I 1, 
very nearly. Thus Saturn's year contains about 29-J- of our 
years. 

Soon after passing his stationary point, Saturn arrives at another 
important position. When in opposition, he passes the meridian 
at midnight — that is, twelve hours after the sun. After this he 
souths earlier every night — until, when nearly three months have 
elapsed, he passes the meridian six hours after midday : in other 
words, Saturn in opposition was 180° from the sun, but is now 
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90** from the sun.* Let fig. 4, Plate IL, represent the sun, Saturn, 
and the earth, in this position at s, p', and e', respectively. The 
angle p'e^s' is a right angle, and the angle e s e' very nearly a 
right angle, E e' being the arc passed over by the earth in three days 
less than a quarter of a year. Now p'e' is a tangent to the circle 
E e'e''', since it is at right angles to s e'. Hence the earth when 
at e' is moving directly from Saturn at p^ and the earth's motion 
therefore produces no modifying effect whatever upon Saturn's ap- 
parent motions on the celestial sphere : these are due to Saturn's 
own motion only. It is easily seen that, under these circumstances, 
Saturn's motion, viewed from the earth at e', is exactly the same 
in amount as it would appear if viewed from the sun at s. For 
though eV is less than sp', and Saturn's path at p' not in- 
clined at a right angle to e'p' as it is to s p^ yet the two errors in- 
troduced by these causes act in opposite ways, and, being exactly 
equal, destroy each other. For if Saturn were viewed from s at a 
distance e'p^, his motion would be greater than it would appear 
at a distance s p', in the proportion of s p' to e^p' ; and again, if 
Saturn's motion were inclined to s p at the angle in which it is 
inclined to e p', that motion would appear less than it would if at 
right angles to s p^ in the proportion of e V to s p';t hence Saturn's 
actual motion, when at p', is exactly the same in amount, whether 
viewed from e' or from s. Now it is found that Saturn's apparent 
daily motion at this time is slightly greater than 2\ His daily 
motion about the sun is therefore also slightly in excess of 2' ; so 
that he completes his orbit about the sun in rather less than 
360 X 30 or 10,800 days.J 

Owing to a cause presently to be explained, Saturn does not in 
his progressive path exactly retrace his former retrograde path on 
the celestial sphere. In the instance selected as an illustration of 
his movements, his advancing arc lies at first slightly to the south 
of his former retrograde path (see Plate II.) ; but in about four 
months and a half from opposition he returns almost to the exact 

* When thus situated, a planet is said to be in quartile^ or quadrate to the sun. 

t The sine of the angle bVp" is the ratio in this case ; but the angle bVp" is the 
oomplement of the angle bVs, and is therefore equal to the angle b's p', and the sine of 
b'sp' is equal to the ratio of eV to s p', 

J The true period is 10,759| days. 
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place he had occupied when in opposition (his advancing arc 
afterwards lying to the north of his former retrograde arc). In 
fig. 4, Plate IV., let p, e be the positions of Saturn and the 
earth respectively, when Saturn is in opposition ; p", e'' their re- 
spective positions four months and a half afterwards ; then, since 
Saturn is seen from the earth at ^' in the same direction as when 
he was in opposition to the sun (neglecting his northerly deviation, 
which corresponds to a very slight elevation above the plane of 
the paper on which the figure is drawn), k'^p^' must be parallel to 
E p. Now, since e e^' is the arc passed over by the earth in four 
months and a half, ese^'' is an angle of about 135°; thus the point e^ is 
known. We have then only to mea8iu*e the arcs ee'b'' and pp'' passed 
over by the earth and Saturn, in the same time, to determine their 
relative rates of motion. The result confirms those already obtained. 
It may be mentioned that this method is independent of the two 
first, for it is not necessary (in applying it to determine Saturn's 
velocity) that s P should be even approximately known. All that 
is required to be known is the fact that Saturn's orbit is large 
compared with the earth's ; this being the case, it is easily seen 
that the arc pp' does not differ greatly from sa, the perpendi- 
cular on e'^p''. Having determined Saturn's velocity, his distance 
may be determined, as before, from his rate of motion in opposi- 
tion. The construction may then be repeated, using this result to 
represent s p more correctly. In this way the ratio of Saturn's 
velocity to the earth's may be obtained with greater exactness 
than by the two former methods ; for, in the first, it is necessary 
that the angle between e'p' and ep should be very accurately 
measured, a slight error in this measurement having an important 
efiect in vitiating the construction or calculation for determining 
Saturn's velocity. In the second method, Saturn's daily motion is 
too small to be accurately measured, except by very delicate and 
trustworthy instruments, very skillfully used. His rate of motion is 
also increasing each day, when he is in quartile after opposition, and 
the determination of the exact instant in which he assumes this 
aspect is not very easy. The third method, on the other hand, is 
founded on an observation of the simplest nature, and the arcs 
E e'' and p p" may be easily measured or calculated. 
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The results, however, of the first few months' observations of 
the distant stranger could, of course, be viewed only as rough 
approximations, to be corrected as time enabled the astronomer to 
apply more exact and trustworthy methods of investigation. 

When a year had passed from the time at which Saturn was 
in opposition, the celestial sphere had apparently made a complete 
revolution round the earth, so that each star rose, culminated, and 
set at the same hours at the end as at the beginning of that inter- 
val. But Saturn had been slowly advancing in his orbit during 
that period — that is, he had been moving from west to east; and 
since the apparent annual revolution of the celestial sphere (like 
its apparent daily motion) is from east to west, Saturn had not yet 
reached opposition when the year was completed, but was to be 
found at midnight somewhat to the east of the meridian. Twelve 
days and three quarters elapse before he is in opposition, or has 
completed a synodical revolution, as it is termed, about the earth. 

If the exact moments at which Saturn was in opposition, or the 
beginning and end of a complete synodical revolution, had been 
accurately noted, his period could have been at once determined, 
on the supposition, at least, that both Saturn and the earth move 
in uniform circular orbits. It is not, however, probable that the 
ancient astronomers could accurately determine the moment at 
which a planet arrived at opposition—an operation of some dif- 
ficulty. After a few years, however, Saturn's average synodical 
period was no doubt determined with considerable accuracy. As 
already mentioned, this period exceeds a year by twelve days and 
three quarters. Let us consider how this result may be applied to 
determine Saturn's period of revolution in his orbit, or his sidereal 
period. 

Let s (fig. 1, Plate V.) be the sun, e, p the positions of the 
earth and Saturn in their orbits when Saturn is in opposition at 
the beginning of a synodical period, e', p' their respective positions 
when Saturn is next in opposition — that is, at the end of the syno- 
dical period. Thus sep and s'eV are straight lines; the arc 
p p' is passed over by Saturn in a year, twelve days, and about 
eighteen hours, or in rather more than 878 days ; and during this 
time the earth has performed a complete revolution, and in addition 
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the arc E b'. Thus the earth has passed over the arc b e' in 12| 
days. Hence, since Saturn and the earth pass over the arcs p p' 
and eb' in 378 and 12f days respectively; and since, further, the 
arc p p' bears the same proportion to Saturn s complete orbit that 
the arc b b' does to the earths orbit ; the times in which Saturn 
and the earth perform their complete orbits are to each other in 
the proportion of 378 to 12f — that is, of 1512 to 51. But the earth 
performs her complete orbit in a year; hence Saturn's period is 
^gp years, or rather more than 29^ years. 

From careful observations of ^ each return of the planet to op- 
position, Saturn's synodical period became still more accurately 
ascertained, and thus his sidereal period was more correctly deter- 
mined. This period is 10759*2197106 days. When this interval had 
elapsed from the time of his first discovery, Saturn had completed 
a revolution about the sun. It is not, however, so simple a matter 
as it might at first sight appear to determine from Saturn's position 
on the celestial sphere the exact instant at which a sidereal period, 
commencing at any given moment, is completed. In a sidereal 
period Saturn completes very nearly 28^ synodical revolutions ; * 
thus Saturn is in j^ltogether different aspects with respect to the 
sun at the beginning and at the end of such a period. For instance, 
if Saturn is in opposition at the commencement, he is very near 
conjunction at the end of a sidereal revolution, and is therefore not 
visible. On the other hand, if he is in quadrature preceding op- 
position at the commencement, he is very near qiiSLdrainre follmving 
opposition at the end of a sidereal period, and vice versa. Now it 
follows, from what has been already shown, that from conjunction 
to opposition Saturn appears in advance of his true f osition f in 
his orbit, whereas from opposition to conjunction he is behind his 
true place. Hence, if Saturn is in quadrature preceding opposition, 
or apparently in advance of his true position, at the beginning 
of a sidereal period, then, at the end (when, of course, his true 
position is the same as at the beginning), he appears not to have 

* The number of synodical revolutions in a sidereal period is obtained by dividing 
10759-2197106 by 378-090 : it is therefore 28-457 very nearly. 

t That is, his position in his orbit as it would appear to an eye placed at the sun*3 
centte ; or, as it is termed, his heliocentric position. 
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reached his true place, still less the place he appeared to occupy 
at the commencement of the period. And in whatever aspect we 
suppose Saturn to be at the beginning of his sidereal period, the 
same difficulty presents itself. From the knowledge of Saturn's 
period and distance already obtained, the astrcmomer could correct 
the discrepancies due to this cause, and, if necessary, apply the 
period thus deduced (which would be more nearly correct than his 
former results) to obtain a more accurate approximation. These 
results could be still further corrected l»y comparing the results ob- 
tained when different epochs are assumed from which the sidereal 
periods are supposed to commence ; and when Saturn had com- 
pleted several complete revolutions about the sun from the time 
of his first discovery, there can be little doubt that the length of 
his sidereal period had been very accurately determined by astro- 
nomers. 

Sir John Herschelhas shown in his 'Outlines of Astronomy' that 
the distance of a superior planet whose period is known may be 
determined by observing its motion during a single day when in 
opposition. In the case of Saturn, however, this method would 
not be more exact than those already indicated, since Saturn's 
motion when in opposition is very slow,* and a very small error in 
the determination of the arc he daily traverses at this time would 
altogether vitiate the result of calculation or construction founded 
upon such determination. The following process is more trust- 
worthy : — 

Let the time in which Saturn passes from opposition to his sta- 
tionary point, and the arc on the celestial sphere passed over by 
him in that time, be accurately noted. Then, knowing Saturn's 

* When Saturn is near opposition he passes over a space on the celestial sphere 
'equal to the mean diameter of the moon's disc in about 6 J days. It may be men- 
tioned, however, that this is a much smaUer space than might be supposed. The 
brilliancy of the moon deceives the unaided eye, and the impression is conveyed that 
the moon covers a larger space on the celestial sphere than it actuaUy does. Thus 
the space between two neighbouring stars of the three (nearly equidistant) forming 
Orion's belt would be considered by the unaided eye as somewhat less than the moon's 
apparent diameter, which yet it exceeds in the proportion of three to one. The dis- 
tance between the two stars Mizar and Alcor (the middle star in the tail of the greater 
Bear), which appear so dose to the naked eye, is equal to the moon's apparent semi- 
diameter. 
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period, we know also the arc of his orbit he actually passes over 
in that time, on the supposition, at least, that his orbit is circular 
and his motion uniform; and we know, also, the arc of her orbit 
passed over by the earth in the same time. We can proceed, then, 
to the following construction : — 

Draw the circle b"e e' (fig. 2, Plate V.) to represent the earth's 
orbit about s, the Sun. Let s e K be the line on which the earth, 
Saturn, and the Sun are situated when Saturn is in opposition. 
Let the angles ksl' and ksb' be the angles swept out about 
the Sun by Saturn and the earth, respectively, during the time in 
which Saturn passes from opposition to his stationary point : thus, 
when Saturn is stationary, the earth is at b', and Saturn aomewh&re 
in the line s l'. Again, through b' draw b'k' inclined to s K in 
an angle containing as many degrees, minutes, and seconds, as the 
arc on the celestial sphere passed over by Saturn in the interval of 
time we are considering : thus b'k' is the line of sight from the 
earth to Saturn when he is stationary; so that at this time he must 
be somewhere in the line b'k'. But we have already seen that at 
the same moment he is somewhere in the line s l'. Hence the 
point p', in which the two lines b'k' and s l' intersect, is Saturn's 
actual position at this moment. We have, then, only to compare 
the lengths of the lines s p' and s b by simple measurement, to 
determine the relation between the distances of Saturn and the 
earth from the sun ; or we can obtain the required relation by a 
very simple trigonometrical calculation.* 

Instead of determining the interval of time and the arc passed 
over from the moment of opposition to the following station (a 
matter of some difficulty), the interval and arc between the station 
preceding and the station following opposition may be noted. If 
b'' and b' be the positions of the earth at those epochs respectively, 
s p, bisecting the angle b's b'', is the line of opposition. If, then, 
s i/il and s p' V are each inclined to s p in an angle equal to half 
that swept out by Saturn in his orbit, in the interval between 

* Thus: — ^in the triangle se'p' the side sb' is known; the angle b'sp', being the 
difference of two known angles (b'sk and f'sk) is known; and so also is the angle 
bVs, since it is the sum of two known angles (f's k and the angle between the lines 
xV and s is) ; hence we can determine the remaining sides and angles of the triangle 
s eV, and s p' becomes knoini. 

G 
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the two stations, while eVk' aad e^'p' V are each incliBed to s p 
in an angle corresponding to half the arc passed aver by Saturn 
on the celestial sphere in the same interval, p' and p'' are 
both points on Saturn's orbit; and the measurement of sp' or 
sp'', or the trigonometrical calculation of the length of either 
as compared to the length of SB, enables its to determine as 
before the relation between the distances of Saturn and the earth 
from the sun. 

If the orbits of Saturn and the ea^th were circular and in one 
plane, this method, and those before described would be strictly 
exact. The results obtained would be affected only by errors of 
observation,, of construction, or of calculation. To such errors^ at 
first, the astronomers of old must have been inclined to attribute 
the discrepancies which appeared, not only between the results ob- 
tained by different me^thods, but between results obtained by the 
same method applied at different times* If the first three methods 
described be so applied, Saturn appears to be traversing an orbit 
at one time larger, at another smaller, than the orbit resulting as 
the average of a large number of observations; while his velocity 
is lese in the larger orbit, and greater in the smallei?, than his mean 
velocity. If, on the other hand^ Saturn's sidereal period be assumed 
aS; the basis of calculation,' there still appears a discrepancy in the 
magnitudes of the orbits determined at different epochs, but the 
velocities thence determined appear greater in the larger, and less, 
in the smaller orbits. The ellipticity of Saturn's orbit and the 
variations in his velocity, to which these discrepancies are due, will 
be considered further on. In the case of Saturn, the resulting 
irregularities, though not so marked as those of the Moon, Mars, 
and Mercury, must have been suflSciently obvious to the careful 
observer, even of old times, and their periodicity could hardly fail 
to attract his notice^ Indeed, there are reasons for supposing that 
the early Chaldaean astronomers detected these irregularities in the 
planetary movementSj and assigned them to their true cause.* 

Another circmnstance in which Saturn's orbit differs from the 
uniform orbit we have imagined^ — an irregularity undoubtedly de- 
tected in very early times — remains to be considered. 

* See Note A, Appendix. 
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If the orbits of Saturn and the earth lay in one plane, it is evi- 
dent that the line of sight from the earth to Saturn would always 
Ke in this plane, and thus, whatever effect the motion of the earth 
might have on Saturn's appareot motions, he would always be seen 
on the circle in which this plane meets the celestial sphere ; in 
other words, Saturn would always be seen on the ecliptic. Hence, 
in retrograding, he would appear to retrace part of his former pro- 
gressive path and vice verscL His actual apparent movements are 
not of this nature. He follows a looped and twisted course, as 
shown in Plates 11. and III. ; his retrogressive path lying sometimes 
above and sometimes below his progressive path, and vice versa. 
It is clear, then, that Saturn's orbit cannot lie in the same plane 
as the earth's orbit. 

The inclination of the plane of Saturn's orbit to the ecliptic is 
small. Since both planes pass through the Sun's centre their line of 
intersection passes also through that point. This line is called the 
line of Saturn's nodes ; and when, in travelling along his orbit, he 
reaches this line he is said to be m a Tiode. One half of his orbit 
lies to the north,* the other half to the south of the ecliptic. 
When he is passing from the southern to the northern side of the 
ecliptic he is said to be in his aacendvng node ; and in his descefnd- 
ing node when he is passing from the northern to the southern side 
of the ecliptic. 

Thus in fig. 3, Plate V., let njp'p"n' represent the northern 
half of Saturn's orbit (viewed in perspective), n e nV the earth's 
orbit, and Nj^^yN'the projection of Saturn's orbit on the plane 
of the earth's orbit. Let N s n^ be the line of Saturn's nodes on 
this plane, and let s p' be at right angles to n s n', so that, when 
at p', Saturn is at his greatest distance from the ecliptic on the 
northern side. Then the angle p'sjp^ is the angle of inclination 
of the plane of Saturn's orbit to the ecliptic ; n is Saturn's ascend- 
ing node> n' his descending node. 

The ancient astronomers determined the positions of the nodes 
of the planets, and the inclinations of the planetary orbits to the 
ecliptic, with tolerable accuracy. The exact determination of these 

* That is» on the same side of the ecliptic as the north pole of the earth. Strictly 
speakiDg^ the terms north, south, east, and west refer to the equinoctial onlj. 

c 2 
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elements is not easy. Let us consider the methods applicable in 
the case of Saturn. 

When Saturn is at a node, at N or n', it is clear that, wherever 
the earth may be, the line of sight to Saturn lies in the plane of the 
ecliptic. It is equally clear that when Saturn is at any other part 
of his orbit he is not seen on the ecliptic, for the line of sight 
from the earth no longer coincides with the plane of the ecliptic. 
Thus, if we can determine the exact moment at which Saturn 
appears to cross the ecliptic, we know that at that moment he is 
in a node. It does not, however, necessarily follow that the point 
at which Saturn appears to cross the ecliptic indicates the posi- 
tion of the node. Saturn, as we have already seen, may appear 
behind, or in advance of his true place, at the moment of passing 
his node. If the correction due to this cause were made, how- 
ever, the position of Saturn's node would become known from 
such an observation. 

If the plane of Saturn's orbit were inclined at a considerable 
angle to the plane of the ecliptic, this method would be as accurate 
a& it is simple. But the angle is so small in the case of Saturn 
(as of nearly all the planets) that it is difficult to determine the 
exact point at which he passes the ecliptic. For several degrees 
on either side of this point his distance from the ecliptic is scarcely 
appreciable. It must further be remembered that the determina- 
tion of the exact position of the ecliptic itself upon the celestial 
sphere is a problem of no inconsiderable difficulty, and a very 
slight error in its solution would introduce a very important error 
in the determination of the nodes of a planet whose orbital plane 
is inclined at a very small angle to the ecliptic. 

If it were not for the difficulty of determining the exact moment 
at which Saturn crosses the ecliptic, his period could be determined 
with far greater accuracy by successive observations of his nodal 
passages than by any other method. For, in the first place, the 
interval between successive passages of his ascending node (or of 
his descending node) is constant, being in fact no other than his 
sidereal period.* In the second place, the observation to be made 

* Strictly Speaking, this interval, which may be called Saturn's nodical period, is 
neither constant nor equal to his sidereal period ; but both errors must be measured, 
not by days and hours, but by minutes and secondf. 
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is simple, and the position of the earth in her orbit exercises no 
modifying influence on the result as in other methods. 

Let us next consider how the angle in which the plane of 
Satiu-n's orbit is inclined to the plane of the ecliptic may be deter- 
mined. If it were not very small, all that would be necessary 
would be to observe the angle between Saturn's path and the 
ecliptic at the time of either nodal passage ; it is plain that this 
angle, q'n g' or rn' r, is the same as the angle p'sjj', whose value 
is required. This niethod is inapplicable in the actual case^ but a 
very simple method may still be employed. After passing a node 
Saturn moves farther and farther from the ecliptic, through about 
90** of his apparent path, and attaining here a maximum dis- 
tance from the ecliptic, approaches nearer and nearer to it, till 
he is again upon the ecliptic, or at a node. Now, if the observer 
were placed at the sun's centre these motions of separation and of 
approach would plainly be continuous, since Saturn and the earth 
would each appear to describe a great circle on the celestial sphere. 
Further, it is perfectly clear that the arc measuring Saturn's dis- 
tance from the ecliptic, when he is farthest from that great circle, 
contains as many degress, minutes, and seconds, as the angle 
between the planes in which Saturn and the earth are moving. 
If, then, the supposed spectator in the sun were to measure this 
arc on the celestial sphere, he would know the angle we are seek- 
ing. But to the actual observer on earth Saturn's apparent motions 
of separation from and approach towards the ecliptic are not con- 
tinous ; or rather, though continuous, we cannot separate them into 
two periods, one of separation, the other of approach. Although, 
on the whole, Saturn's distance from the ecliptic appears to be in- 
creasing, through about 90° of his path from a node, his apparent 
path on the celestial sphere is twisted into loops of varying shape, 
in his motion along j?yhich he moves alternately from and towards 
the ecliptic. His return to the ecliptic is eflfected in the same 
manner. The reason may easily be seen : if Saturn is in any 
other part of his orbit except either node, the line of sight from 
the observer on earth only lies in the plane of Saturn's orbit when 
the earth herself is in that plane ; in other words, Saturn is only 
seen on his true or heliocentric path when the earth is on the line 
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of nodes, either at n or n\ In moving from n through E to n', 
the earth is south of the plane of Saturn's orbit, and Saturn 
therefore appears north of his true path ; similarly, while the 
earth moves from n^ through nf to n, Saturn appears south of his 
true place. Hence, if the earth is at any other part of her orbit 
but n or n' when Saturn attains his greatest distance from the 
ecliptic, a corresponding correction must be made on this account. 
A further slight correction is necessary on account of the differ- 
ence between Saturn's distance from the earth at the moment of 
observation and his mean distance from the sun. The inclination 
of Saturn's orbit to the ecliptic may^ however, be determined very 
approximately without attending to the first of these corrections. 
For when Saturn is describing the part p p'p'' of his orbit, his 
distance from the ecliptic varies very slowly. But during this 
time the earth describes rather more than one complete revolution, 
and therefore passes both the points n and n' of her orbit. If the 
distance of Saturn from the ecliptic be measured when the earth 
is at either of these points, and increased in the proportion of the 
distances of the earth and sun from Saturn at this time> then the 
required angle contains as many degrees, minutes, and seconds, as 
the arc thus determined, very approximately. The nearer Saturn 
is to the point p', or to the opposite point of his orbit, when the 
earth is passing n or n', the more exact will be the determination 
of the angle reqmred. In the course of two or three revolutions 
of Saturn, one observation at least that is perfectly trustworthy 
may be effected. 

It is found in this manner that Saturn's orbit is inclined to that 
of the earth at an angle of about 2^^ Owing to the causes men- 
tioned in the preceding paragraph, his greatest departure from 
the ecliptic exceeds this angle by about a quarter of a degree. The 
arc of the celestial sphere, then, that measures Saturn's greatest 
possible departure from the ecliptic is rather more than five times 
as great as the moon's mean apparent semi-diameter. The distance 
between the two stars commonly known as the Pointers* is almost 
exactly double the arc we are considering. 

Owing to causes which will be mentioned further on, both 

* That is, a (Dubhe) and fi TJrese majoris. 
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the position of Saturn's line of nodes and the inclination of his 
orbit to the ecliptic are variable. The annual variation in the 
incUnation is always very small ; for long intervals it operates to 
increase, and for corresponding intervals to diminish, the angle of 
inclination ; so that this angle varies in an oscillatory manner, the 
period of oscillation being very great, and the total amount of 
variation either way being very small The line of nodes moves 
sometimes from east to west, sometimes from west to east, but the 
westerly motion prevails, so that on ihe whole the line of nodes 
revolves in a retrograde direction, but so slowly that a complete 
revolution is not effected in less than 66,000 years.* 

The looped nature of Saturn's apparent path on the celestiid 
sph«e is due to the incUnation of the plane of Saturn's orbit to 
the plane of the ecliptic. The varying forms assumed by the loop 
correspondto Saturn's varying positions in his orbit. When he is 
near a node his path is twisted, but without a loop : for mstance, 
when he is near his ascending node his path is as shown m 
Plate II. (where the path crosses the ecliptic). As he moves on in 
his orbit his path becomes looped, the loop lying to the north of 
his mean pathf in t^e case we are .considering (that is, after the 
passage of the ascmdmg node), or on the side farthest from the 
ecliptic. The loop gradually developes : at first, the progressive 
path intersects the former retrograde path ; in each successive loop 
the point of intersection falls farther and farther from the sta. 
tioniy point following opposition, till it reaches the stationary 
point preceding opposition; after this, for several successive 
Lps the point of intersection lies on the forma: progressive path, 
being halfway between the stationary points when Saturn reaches 
his greatest distance from the ecliptic. From this point to the 

. I„ tables of the pUmetaiy elemente the loBgitude of Saturn's ascending node j> 
« IB WDies ui uio 4- J f ,q//.g4 TTjia is to be understood as re- 

Z^ng node increases annuaUy by more than half a -^-^^^- ^ ^^,^ 

^te^ deplares on either side of such line may be about equal See the dotted 
lines in figures 4 and 5, Plate V. 



24 SATURN AND ITS SYSTEM. 

descending node the loops undergo similar changes in a reverse 
order; the point of intersection passes to the station following 
opposition ; thence along the retrograde path to the station pre- 
ceding opposition (so that the opening between the loop and path, 
which before was towards the east, now lies towards the west) ; 
and finally, near the descending node, the path, as at the ascend- 
ing node, is twisted without a loop. In passing from his de- 
scending to his ascending node, Saturn's path is similarly varied, 
the loop being now south of the ecliptic, or still on the side of 
Saturn's mean path farthest from the ecliptic. 

The causes of these phenomena will be made sufficiently ap- 
parent if we consider Saturn's motion during a synodical revolution 
in each of two extreme cases — ^viz., first, when he is at a node, 
and secondly, when he is at his greatest distance from the 
ecliptic. 

Suppose, then, first, that during a synodical revolution Saturn 
passes from q to q' (fig. 3, Plate V.), and is in opposition when at 
his ascending node N. During this time the earth moves from a 
point slightly to the west of n', through rather more than one 
complete revolution, to a point slightly to the east of n'. As the 
earth passes the point n' Saturn passes from the northern to the 
southern side of his heliocentric path. He remains to the south 
of that path as the earth moves from n' through E' to n. When 
the earth is at n Saturn (in opposition at his ascending node) 
again crosses his heliocentric path and also the ecliptic, passing to 
the north of both these great circles of the celestial sphere. 
While the earth moves from n through e to 7i' Saturn remains to 
the north of his heliocentric path, passing to the south as the 
earth passes the point v!. 

If, then, we draw the line e n b' (fig. 4, Plate V.) to represent 
part of the ecliptic, and the dotted line s n «', inclined at an angle 
of 2^^ to eb', to represent part of Saturn's heliocentric path, 
and combine the results of the preceding paragraph with the 
knowledge already obtained of Saturn's progressions and retro- 
gressions, it is easily seen that Saturn's apparent path on the 
celestial sphere, during the synodical revolution considered, is of 
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the form q n N n' q' ; n, N and n' being the points at which he 
appears to cross his heliocentric path 8 «'*. 

Next let us consider the nature of Saturn's apparent path when 
he is at his greatest distance from the ecliptic. Suppose that 
during a synodical revolution he passes from p to p'' (fig. 3, 
Plate v.), and is in opposition when at his greatest distance from 
the ecliptic at p'. During this time the earth moves from a point 
slightly to the west of b' through rather more than a complete 
revolution to b, point slightly to the east of e'. While the earth 
is moving to n she is on the northern side of the plane of Saturn's 
orbit, and Saturn is on the southern side of his heliocentric path. 
He passes to the northern side as the earth passes the point n ; 
remains on the northern side of his heliocentric path as the earth 
moves from n through e to n' (attaining his greatest departure 
from that path when in opposition at p') ; crosses to the southern 
side as the earth passes the point v/\ and remains on that side 
throughout the remainder of the synodical revolution we are con- 
sidering. 

If, then, we draw e e', fig. 6, Plate V., to represent part of the 
ecliptic, and the dotted line %n' nst (parallel to b e' and at a dis- 
tance from that line corresponding to an arc of 2^ degrees on the 
celestial sphere) to represent Saturn's heliocentric path, it is plain 
that Saturn's path during the synodical period is of the form 
p tip' 71 V ; n and n' being the points at which he appears to cross 
his heliocentric path.t 

There is no difficulty in applying similar methods to de- 
termine the form of Saturn's apparent path when he is in any 
other part of his orbit. It will be found to vary in the manner 

* While traversing parts of this path near q and q', Saturn is not visible fipom the 
earth, being near conjunction. If he were visible in these parts of his orbit, it would 
be found that at n and ifi! his departure from the ecliptic is greater than at any other 
moment during the synodical revolution considered. These points are therefore 
marked ^ and ^ to indicate their correspondence with the points 'p and |?" in the 
synodical revolution next considered. 

t While traversing parts of the path near p and p", Saturn is not visible from the 
earth, being near conjunction ; if he were visible in these parts of his orbit, it would 
be found that at j? and j?", the positions he occupies when the earth is at i/, he attains 
his greatest southern departure from his heliocentric path — or approaches nearest to 
the ecliptic— in the synodical revolution considered. 
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described above. The following consideration may assist the 
student : — 

Since Saturn is seen on his heliocentric path whenever the 
«arth is at n or n'y his geocentric path crosses his heliocentric path 
once in every «ix months ; now, JSatum completes a synodical 
revolution in a period exceeding twelve months by twelve days 
and three quarters ; thus the points of intersection of his geocen- 
tric and heliocentric paths fall successively farther and farther 
back, in each successive synodical loop, by the space Saturn tra- 
verses in €f days ; they therefore occupy, successively, every part 
of Saturn's synodical loops. 
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CHAPTER 11. 

FALSE SYSTEMS — MODBBN ASTRONOMY — ELEMENTS OT SATTJRn's 
. ELLIPTIC OBBIT. 

Bbfoke turning to the consideration of the methods and disooTeries 
of modem astronomy, a few words on the system which explained 
. Saturn's motions (in common with those of ihe other planets) on 
the supposition that the earth is the centre of the universe, will not 
be out of place. This system, and the fanciful and superstitious 
dreams of the middle ages, may be considered as occupying a place 
midway between the simple systems and intelligent inquiries of 
the Ghaldsean astronomers, on the one hand, and the analyses and 
discoveries of modem times on the other. 

The difficulties connected with the Ptolemaic system are not due 
so much to the inherent error of the system itself, as to the fanciful 
hypotheses with which the originators of the system perplexed 
themselves. All ihe varieties of the planetary motions, except a 
few irregularities only to be detected by the most exact instru- 
mental observation, may be as exactly explained on the supposition 
that the ^rth is the centre of the system as on the true theory, 
and with almost equal simplicity. But the EpicycUans set them- 
selves a problem of hx greater complexity. They sought to 
explain the apparent motions of the heavenly bodies, not merely 
on the supposition that the, earth is the centre of the system, but 
with the additional hypotheses that all the members of the system 
move in circular orbits and with uniform velocities. Bodies terres- 
trial, they argued, are gross, corrupt, and imperfect — ^therefore 
they move in imperfect orbits, with varying velocities ; bodies celes- 
tial are sublime, incorrupt, and perfect — therefore they move in 
perfect orbits with uniform velocities ; the circle is the only perfect 
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figure — ^therefore the heavenly bodies move in circles ; but the sup- 
position of uniform motion in simple circular orbits is insuflBcient 
to account for the apparent motions of the heavenly bodies — ^there- 
fore those motions must be explained by properly combining two 
or more sets of circular and uniform movements. Such was the 
problem they set themselves ; in what manner they solved it will 
appear by an illustration drawn from the motions of Saturn. 

Let B (fig. 1, Plate VI.) be the earth, c o'c'^ a circle about e 
as centre. Then, clearly, Saturn's progressive and retrograde 
motions cannot possibly be explained by supposing him to move 
uniformly in the circle c c'c'^ Suppose, however, that p p v^p' is a 
smaller circle, whose centre c is on the circle c c'c^'; and that while 
Saturn moves with uniform velocity round the circle vp p'p', the 
centre of this circle moves uniformly round the circle c c'c". Then 
it is clear that if Saturn's velocity in the smaller circle is greater 
than the velocity with which the centre of that circle moves round 
the larger circle, his apparent motion will be retrograde when he 
is at or near p^; and further, that by assigning suitable dimensions 
to the two circles, and a proper ratio between the velocities con- 
sidered, Saturn's period of retrogression and the length of his 
retrograde arc may be readily explained.* 

We have seen that Saturn's distance from the earth, at opposi- 
tion, is variable. These variations maybe explained with tolerable 
accuracy by supposing that the earth occupies an eccentric position 
within the circle c c'c'', as at e'. 

Saturn's looped and twisted path may also be easily explained. 
We have only to suppose the plane of the circle TpT^ inclined at a 
small angle to that of the circle c c'c'^ ; or, instead of this, we may 
suppose both circles to lie in one plane which oscillates through a 
small angle about a fixed line through the earth at e'. 

Smaller irregularities may be accounted for by supposing that 
p J9 p'jj' is not Saturn^ 8 orbit, but the path of the centre of a smaller 
circle, s 8 sV, along whose circumference Saturn moves uniformly. 

* Fop this purpose the radius of the smaller circle must bear to the radius of the 
larger circle the proportion that the radius of the earth's orbit bears to that of Saturn ; 
again, Saturn must revolve once in a year round the smaller circle, whose centre must 
revolve once in a Satumian year round the earth. 
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Again, we may suppose that the circle c c'c" is not the path of the 
centre of the circle Pj9 p'pV but of a point near the centre ; in other 
words, that the circle vp p'j9' is eccentric as well as the circle c c'o''. 
We may extend this eccentricity to the circle 8 8 s'e', or introduce 
additional variety by supposing any or all of the circles to lie in 
different or in oscillating planes ; in fine, by a series of such sup- 
positions, which may be carried on ad infinitum^ we may account 
for nearly every irregularity in Saturn's motion with a very close 
degree of approximation. 

To explain how these motions were supposed to be impressed 
and maintained by a system of celestial spheres, and through the 
complicated effects attributed to their rotations, would be out of 
place. The whole system, with its 

. . . centrics and eccentrics scribbled o'er, 
Cycle and epicycle, orb in orb, 

has been long since swept away, and its records merely remain as 
illustrations of perverted ingenuity. 

One point, however, connected with the Ptolemaic system of the 
universe remains to be noticed. If the earth really occupied the 
central place in our system, the actual, and even the relative dis- 
tances of the various members of that system must have remained 
for ever unknown. Let us consider, for a moment, how the geo- 
meter ascertains the distance of an inaccessible object. To effect 
this, he observes the directions in which the object is seen from 
two convenient points, the distance between which he measures. 
Then, either by geometrical construction, in which these relations 
are represented on a convenient scale, or, more exactly, by tri- 
gonometrical calculation, he determines the distance of the inacces- 
sible object from either point. That this determination may be 
depended upon, it is necessary, not only that the instruments with 
which the requisite data are obtained should be trustworthy, but 
that the distance between the two points should not bear too small 
a proportion to the distance of the inaccessible object. For in- 
stance, a base line of ten yards, with good instruments, would be 
sufficient for the determination of distances up to three or four 
hundred yards; but it would obviously be altogether useless to 



30 SATURN AND ITS SYSTEM. 

apply such a base to determine the exact distance of an object two 
or three miles oflF. The slightest erroi' in the determination of 
either of the base angles would make a difference of a mile or two 
in the result deduced by construction or calculation. Now the 
length of the earth's diameter being about one-thirtieth part of 
the moon's distance from the earth, this distance can be determined 
with tolerable accuracy from a base line whose extreme points 
lie on the earth's surface.* But the distances of the other mem- 
bers of our system (including the sun) from the earth are so 
vast that it would be altogether impossible to determine their 
actual distances by using any baae line on the earth. To obtain 
any notion of their relative distances would require the utmost 
perfection and power of modern instruments, and the highest skill 
of the modem astronomer. Even with these appliances, our ideas 
of the relative distances of the planets would be as vague and un- 
certain, if the earth were the centre of our system, as are our present 
ideas of the relative distances of the fixed stars from the earth.f 
Nor is there any point in the Epicyclic theory that would enable 
its supporters to form any conjectures r^arding the relative dis- 
tances of the planets. It is plain that to an observer placed at 
E (fig. 2, Plate VL) the appearance of a planet revolving uniformly 
round the circle p p'p' V, while the centre of that circle moved 
uniformly round the circle c c'c'^, would be precisely the same as 
that of a planet revolving uniformlyxound the circle pj^'p^j^^ while 

* Yet fijom the most trustworthy modem measurement it appears that the determi- 
nation of the moon's distance hitherto adopted has been about twenty miles too great. 

t In the case of the sun, as in that of the moon, our base line is limited by the 
earth's dimensions ; and since the sun's distance is so vast compared with such a base 
line, we could expect to obtaiu no yeiy dose approximation to that distance. Accord- 
ingly, we find that before the discovery of the telescope the ideas of astronomers on 
the subject of the sun's distance were of the most vague and indefinite kind ; and the 
discovery lately made, that the modem determination of the sun's distance is probably 
too great by thre& millions of miles or more, shows that even in the present advanced 
state of the science of astronomy the problem is no easy one* In the planets Mercury 
and Venus, however, we have two objects, which serve, so to speak, as celestial instra- 
ments ; the sun's disc, at the times of their transits, serdng as an index-plate. Ob- 
servers at different parts of the earth's surface, marking the different indications of 
this celestial theodolite, calculate thence the solar distance. At favourable parts of his 
orbit. Mars, though a superior planet, serves the same purpose in a somewhat different 
manner, the celestial sphere serving as an index-plate. 
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the centre of that circle mo7ed uniformly round the circle c &(/\ 
if the periods of revolution of the two planets and of their orbit- 
centres were respectively equal. 

It appears^ then, that if the Epicyclians merely trusted to the 
results of observation applied on the hypotheses which formed 
their system^ they could have had no accurate notions, even of the 
relative distances of the sim and planets from the earth, far less 
of their actual distances. For anything they could perceive to the 
contrary, Saturn might (after the moon) be the nearest of the 
heavenly bodies — ^Mars, Venus, or Mercury the most distant. Yet 
we learn that the order of the planetary distances was known to 
the ancients at a very remote period. In the fanciful scheme 
ascribed by Philolaus to Pythagoras^ in which musical tones were 
supposed to be produced by the revolution, of the spheres bearing 
the planets, the note assigned to the Satumian sphere was the 
hypate, or deepest tone, the note asagned to the moon's sphere the 
Tieate, or highest tone of the celestial harmonies, the spheres of the 
other heavenly bodies being placed in their just order in the scale. 
It seems probable, therefore, that the Crreek acrtronomers had de- 
rived part of their knowledge from nations to whom the true system 
of the universe was not unknown,. 

Before turning to the discoveries of modem astronomy, it may 
not be uninteresting to dwell for & moment on the superstitious 
fancies of the astrologer. The origin of the system which ascribed 
an influence on the fates of men and nations to the planetary 
phenomena is lost in the obscurity of a far antiquity. It was pro- 
bably connected with the Sabaeanism of the ancient Chaldseans and 
Arabians, a form of religious worship derived from a purer system, 
in which the stars and planets were not themselves the objects 
of adoration, but simply regarded as types of the divine attri- 
butes. Astrology was gradually formed into a system showing few 
traces of the religious source from which it had been derived. Its 
complex and mystical character marks it as framed rather to deceive 
and impress the ignorant, than as possessing the confidence of its 
professors. Thus it became a weapon in the hands of the priest- 
hood of Nineveh and Babylon, a weapon which might serve good 
or evil purposes, accordiog to the character of him who wielded it. 
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but which was too often employed to subserve the evil designs of 
the despotic emperors under whose sway the priestly orders were 
subdued. It would be out of place to record here, at length, the 
details of the system itself, or to trace the gradual process by 
which astrology — deriving its origin from pure and lofty con- 
ceptions of the divine power, wisdom, and goodness — fell to the 
position it has now so long occupied, and became the tool of 
cheats and charlatans. It may be mentioned, however, that the 
idea of physical influences exerted by the planets in their vary- 
ing positions, has been entertained by many who fully recognised 
the absurdity of the so-called astrological systems. Bacon (who 
was, however, but superficially acquainted with astronomy, and 
strongly prejudiced against the Copemican system) considered an . 
inquiry into such influences likely to lead to valuable results. 
* Astrology,' he wrote, ' is so full of superstition, that scarce any- 
thing sound can be discovered in it; though we judge it should 
rather be purged than absolutely rejected.' He then propounded 
his 'Astrologia Sana,' which should contain inquiries into — (i.) the 
commixture of planetary rays in the different positions of the 
planets with respect to one another and on the zodiac ; (ii.) the zenith 
distances of the planets, or the planetary seasons ; (iii.) the influences 
of the planets at their apogees and perigees; and (iv.) Hhe other 
accidents of the planets' motions, their accelerations, retardations, 
courses, stations, retrogradations, distances from the sun, &c. ; for 
all these things affect the rays of the planets, and cause them to 
act either weaker or stronger, or in a different manner.'* 

The following lines of Chaucer present the gloomy and dismal 
ideas which astrologers naturally associated with Saturn's dull 
light and sluggish motions : — 

My dere doughter Venus, quod Satume, 
My COUPS, that hath so wide for to tume, 
Hath more power than wot any man. 
Min is the drenching in the see so wan, 
Min is the prison in the* derke cote, 
Min is the strangel and hanging by tbe throte, 
The murmure, and the cherles rebelling, 
The groyning, and the prive empoysoning. 

* * Advancement of Learning,* Book iii. Chap. 4. 
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I do yengeaimce, and pleine ooirection, 

While I dwell in the signe of the leon. 

Min is the mine of the high halles, 

The falling of the tomes and of the valles 

Upon the minonr, or the carpenter: 

I slew Sampson in shaking the piler. 

Min ben also the maladies colde, 

The derke tresons, and the castes olde : 

Mj loking is the fader of pestilence." 

Another superstition, whose origin is equally obscure with that of 
astrology — ^the idea, namely, that the planets exerted influences 
(each on its respective metal) over the labours of the alchemist — is 
mentioned by the same poet in the Chanones Yemannes tale. He 
thus succinctly states the distribution of the metals among the 
planets — 

Sol gold is, and Luna silver we threpe ; 
Mare iron, Mercurie quicksilyer we depe : 
Satnmns led, and Jupiter is tin, 
And Venus coper, by my fiiderkin.* 

* No satisfactory explanation has. been given, so far as I know, of the distribution 
indicated above. That the two most valuable metals should be assigned to the sun 
and moon needs no explanation ; the silvery light of the moon, and the yellow or red 
light of the sun whenever it can be viewed by the naked eye, make the distribution 
still more appropriate. On a different principle one can understand why quicksilver 
should be assigned to Mercury, which is so difficult to detect, and whose motions are 
so rapid. On other principles the association of Mars and iron may be explained : 
for some resemblance can be imagined between the colours of the ruddy planet and 
of the red oxide of iron, or Haematite ; or the employment of iron in war might 
suggest the association ; or, lastly, the invigorating and tonic properties ascribed to 
medicines containing iron correspond with the influences attributed to Mars by as- 
trologers. The association of lead with Saturn may be explained on similar principles : 
the protoxide of lead (or Massicot) is of a pale yellow colour, somewhat resembling 
that of the planet; or one may imagine lead assumed as the representative of the 
dull, slow-moving Saturn, from some such fEincifal association of ideas as that ex- 
pressed by Armado in ' Love's Labour's Lost^' — * Is not lead a metal heavy, dull, and 
slow ?' ; or, lastly, the association might have been suggested by the chilling and dele- 
terious effects peculiar to medicines containing lead — still called by doctors Saturnine 
medicines. "Why tin and copper should be assigned respectively to Jupiter and Venus 
is not very obvious. THe connection between the name of the latter metal and that of 
the island Cyprus saared to Venus is noticeable. A singular coincidence may be men- 
tioned here : — ^in the list of metals in Numbers, chapter xxxi, verse 22, we have the 
representatives of the sun, the moon, and the four planets probably known to the Jews 
at that time ; and these four, 'the brass, the iron, the tin, and the lead,' are arranged in 
the order of the distances from the sun of the corresponding planets. That the word 
translated brass signifles copper is dear from the words of Job, chapter xxviii, verse 2, 
* brass is molten out of the stone.' 
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Let us now turn from the &lse systems and idle fancies which 
throve with rankest luxuriance — like fungous growths in darkened 
nooks — amid the ignorance and superstition of priest-ridden ages, 
to the awakening of science at the dawn of a new era. The life of 
Nicolaus Koppemik, or Copernicus — the restorer if not the dis- 
coverer of the true system of the universe — belongs to the latter 
part of the fifteenth and the beginning of the sixteenth century ; 
an age — as has been well remarked by Humboldt — * coinciding in 
a wonderful manner with the age of Columbus, Gama, Magellan ; 
the age of great maritime enterprises ; the awakening of a feeling 
of religious freedom ; the development of nobler sentiments of art.'* 
During the first years of the sixteenth century Copernicus was 
engaged at Eome, at Padua, and at Bologna, in discussing with 
the astronomers of the day the various theories which had been 
invented to explain the planetary motions. Struck with the 
complexity of these theories he was led, after trying several hypo- 
theses (probably including the system generally attributed, to 
Tycho Brahe) to the conviction that the sun is the centre around 
which the planetary scheme revolves. * We find in this arrange- 
ment,' he says, *what can be discerned in no other scheme — ^an 
admirable symmetry of the universe, an harmonious disposition of 
the orbits. For who could assign to the lamp of this beautiful 
temple a better position than the centre, whence alone it can 
illuminate all parts at once ? Here the sun, as from a kingly 
throne, sways the family of orbs that circle around him.'t 

The new system met with fierce opposition ; not, at first, from 
the priesthood, but from astronomers. It was not merely that the 
views put forward were opposed to opinions that had been held so 
long : this would in any case have been suflBcient to rouse a strong 
feeling of opposition ; but the system presented by Copernicus was 
wanting in simplicity. If he could have done away altogether 
with the old hypotheses of eccentrics and epicycles, the new system 
might have been more favourably received. This, however, he 
was unable to effect. His own observations had shown him that 
the apparent planetary motions were too complex to be satisfac- 

* * Cosmos,' voL ii. part 2, § yii 

t * De Beyolutionibus Orbium Ccelestiam/ lib. i. cap. 10. 
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torily explained by any hypothesis of simple circular orbits. He 
therefore retained in a modified form parts of the cumbrous systems 
of his predecessors. 

Nearly three-quarters of a century after the publication of the 
celebrated work of Copernicus, Kepler, who had become in early 
youth an ardent convert to the new doctrines, was able to remove 
from the scheme of the universe the last traces of the Ptolemaic 
hypotheses. Tycho Brahe, strenuously opposed to the views of 
Copernicus, had erected an observatory at Uraniberg, where he 
had traced the paths of the planets on the celestial sphere with 
instruments more powerful and accurate than those employed by 
Copernicus. Kepler availed himself of a series of observations 
of the planet Mars made by Tycho Brahe with these instruments, 
€uid applied them to an investigation of the Copemican system. 
It was not his object to overthrow the doctrines of circular motions 
and uniform velocities, but to determine by what combination of 
eccentrics and epicycles the actual movements of the planets could 
be explained. Mars was in every respect the best selection he 
could have made. This planet is the nearest of the superior 
planets, and therefore its motions on the celestial sphere are 
swifter than those of Jupiter and Saturn ; its orbit is also very 
eccentric;* on both accounts the true combination of epicyclic 
and eccentric motions should be more easily detected in the case 
of Mars than of any other planet. 

Kepler calculated the motions that would result from such 
combinations with wonderful patience and accuracy, compared 
them with the actual motions of the planet, and was compelled to 
reject successively nineteen different hypotheses. Having ex- 
hausted the combinations of circular and uniform motion, he began 
at length to inquire whether the orbit of Mars, obviously oval, 
might not be an ellipse; and whether his velocity, obviously 
variable, might not — on the supposition of an elliptic orbit — be 
found to vary by some simple law. At this new problem he 
worked with unflagging energy and patience, trying and rejecting 

* Mars in aphelion is more than 162,500,000 miles, in perihelion littJe more than 
126,600,000 miles from the sun ; the difference of these distances is greater than one- 
fourth of the earth's mean distance from the sun. See fig. 3, Plate VI. 

J> 2 
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numerous hypotheses. Finally, his labours were rewarded by the 
discovery of the true laws of planetary motion, constituting the 
two first of the *laws of Kepler.' They are these ; — 

1. Every planet moves in an elliptical orbit, in one focus of 
which the sun is situate. 

2. The line drawn from the sun to a planet (or the radius-vector 
of the planet) sweeps over equal areas in equal times. 

From Saturn's motions in his orbit we can draw an illustration 
of these two laws. Let s, fig. 3, Plate VI., be the sun, e e'e"e''' 
the orbit of the earth, 8 «'s'Y^' Saturn's orbit. These orbits are 
both ellipses, but in the figure they are represented by circles, 
because (on the scale of the figure) the diflference of the axes of 
Saturn's ellipse would be very nearly, the difference of the axes 
of the earth's orbit altogether imperceptible even on measure- 
ment. The eccentricity of the earth's orbit is also too small to be 
noted in the figure ; * the eccentricity of Saturn's orbit will be at 
once observed. At e the earth is in perihelion ; e, e', e'', and e'^' are 
the positions of the earth at the winter solstice, at the vernal 
equinox, at the summer solstice, and at the autumnal equinox, 
respectively : at 8 Saturn is in perihelion, at 8^^ he is in aphelion, 
and s s'' bears to s « a proportion rather greater than that of ten to 
nine. More exactly — ^the radius of the circle £ e'e' V being taken 
as 1, the radius of the circle 8 n s'n' is 9'538860 ; s 8^' is 1 0-072533 ; 
and ssis 9*005167. The two orbits, as already stated, lie in 
different planes, the line of whose intersection passes through the 
sun : in our figure n s n' is this line, n being Saturn's ascending 
node ; thus if the earth's orbit be supposed to lie in the plane of 
the paper, the part N s'n' of Saturn's orbit lies above the paper, and 
the part n's'^'n below. The lines h}(/ and ZZ' indicate the dis- 
tances from the plane of the ecliptic of the points 8' and «''', at 
which Saturn attains his greatest departure from that plane, f 

* It is hardly necessary to remark that the eccentricity may be very observable in 
an ellipse, even when the outline differs inappreciably from a circle : the difference of 
the semi-axes of such an eUipse bears a yezy small ratio to the distance of either focus 
from the centre — ^the ratio, namely, of the versed sine to the sine of a very small angle. 
For instance, the distance of the sun from the centre of Saturn's orbit is no less than 
48,917,000 miles, while the difference of the semi-axes of Saturn's orbit is only 137,000 
miles, or less than gfyth part of the former difference. 

t The orbits of the planets Mercury, Venus, Mars, and Jupiter, are respectively 
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By the first law of Kepler, then, we leam that Saturn's orbit 
a 8 W^^ is an ellipse, and that the sun is situated at s, one of the 

indicated by the circles mni^ vV, mm', and /j', the points w, v, m, and J being the 
perihelia of those orbits. The line S2 8 in each orbit is the line of nodes, 3 being 
the rising node. In the case of Jupiter the greatest departures from ikiib plane of the 
ecliptic are indicated by the lines iH BxA.jf\ in the other orbits the corresponding 
departures are too small to be thus represented. The angles of inclination of the orbits 
of Mars, Venus, and Mercury, to the ecliptic, are, respectively, 1° 61' fi^'fi, 3^ 23' 33"*2, 
and 7^ (/ 26"*0. The corresponding angle in the case of Jupiter is 1^ 18' 36"7. It 
will be observed that the orbits of Mars and Mercury are more eccentric than those of 
the other members of the system. The dotted ring a a'a" marks the probable extent 
of the zone of asteroids, the orbits of four of which — ^Harmonia, Nemausa, Polyhymnia, 
and Nysa — are indicated respectively by the curves h h\ a a\ p ;/, and n n\ the perihelia 
of these orbits being at A, a, p, and n. The two first are the least eccentric of the 
asteroidal orbits, and differ little from the circular form. The orbits of Nysa and 
Polyhymnia are remarkably eccentric Professor Nichol remarks that ' Nysa recedes 
£irther finom the sun than any of the others, and, with the exception of Hsestia^ 
approaches him the nearest.' If, however, the elements of the asteroidal orbits are 
correctly given by him in his * Cyclopaedia of the Physical Sciences* (article Asteroids), 
Hsestia is by no means remarkable for its near approach to the sun either as respects 
mean or perihelion distance, while the perihelion distance of Nysa is leas than the mean 
distance of Mars. As will be seen from the figure, part of the orbit of Nysa abso- 
lutely &lls toithin the orbit of Mars, a circumstance that will seem still more remark- 
able when it is considered that the centre of the ellipse in which Nysa moves lies out* 
side the orbit of the earth — ^falling, in fiact^ very near the orbit of Mars. The orbit of 
Polyhymnia is not so eccentric as that of Nysa; yet the centre falls only just within 
the earth's orbit. To avoid confusion, the nodal lines of the four asteroidal orbits are 
not drawn in the figure ; the following table indicates their positions, and the angles 
at which the planes of the four orbits are inclined to the ecliptic : — 





Longitode of the 
asoCTKling Node, 


Inclination of 
Orbit. 


Harmonia 


. 93° 32' 28" 


40 16' 48" 


Nemausa 


. 175 39 8-2 


9 36 37-9 


Polyhymnia . 


9 16 60 


I 66 660 


Nysa . . . 


. 127 6 


3 63 



It will be seen tram this table that the path of Nysa does not actually intersect that 
of Mars. 

The asteroid Melpomene is also remarkable for the dose proximity of a part of its 
orbit to the aphelion of Mars. 

It has been noticed by Mr. Cooper, of Markree Castle, that in the positions of the 
asteroidal orbits a speciality is observable which can hardly be the result of accident : 
— ^the perihelia and the ascending nodes are not distributed indifferently, but are found 
chiefly in the semicircle from 0^ to 180^. The observation may be extended to the 
larger planets ; all of those introduced in the figure have their perihelia and rising 
nodes within the semicircle from 330® to 160®, which—more nearly than the semi- 
circle just indicated — corresponds to the region in which the asteroidal perihelia and 
rising nodes are most remarkably crowded. The planets Uranus and Neptune do not 
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foci of this ellipse. The second law of Kepler indicates the law 
of Saturn's motion in this orbit, which may be illustrated as 
follows: — Suppose thatpp', qq', and rr' are arcs over which 
Saturn passes in equal intervals of time; then Kepler's second law 
asserts that if straight lines s p, s p', s Q, s q', s r, and s r' be drawn 
(to avoid confusion, these lines are omitted in the figure), the areas 
s P p', s Q q' and s R r', are equal. Since the sector s p p' is plainly 
shorter than the sector s Q q', and s Q q' than s r r', it follows from 
the equality of these areas that the arc P p' is longer than the arc 
Q q', and Q q' than r r' — ^increase in the breadth of the sectorial 
area compensating deficiency in length. In other words Saturn's 
velocity in his orbit increases as he approaches perihelion, and 
diminishes as he approaches aphelion. Thus, when he is near 
perihelion, he appears to be describing an orbit smaller than his 
actual orbit, with a velocity greater than his mean velocity ; when 
he is near apheUon, these relations are reversed. His period, 
therefore, would appear too small, if determined when he is 
near perihelion, and too great if determined when he is near 
aphelion.* 

deviate from tlie same law : the longitudes of their rising nodes are respectively 73** 
14' 38"; and 130° K/ 1^-3, the longitudes of their periheUa 168<> 27' 24",and 47° 17' 68". 
The speciality as regards the perihelia is certamly remarkable, and its physical inter- 
pretation worth seeking. The congregation of the rising nodes in the region indicated 
is obviously due to the choice of the ecliptic as the plane to which we refer the posi- 
tions of the other orbital planes. Convenient as this selection is in many respects, 
it has its disadvantages; in fact, with the single exception of Mercury, no planet 
could be selected the plane of whose orbit is less suitable as a plane of reference in 
viewing the grander relations of the planetary scheine. 

The orbits of Uranus and Neptune have not been iiitroduced into the figure on 
account of their dimensions. The mean distance of Utanurf from the sun is about 
twice, the mean distance of Neptune more than three times, that of Saturn. The 
eccentricities of the orbits are respectively -0466 and -0087, their inclinations to the 
plane of the ecUptic (P 46' 29"-9 and 1° 46' 59". 

* The absolute velocity of a planet at any point of its orbit varies inversely as the 
length of the perpendicular on the tangent at that point : the angular velocity of the 
planet about the sun's centre varies inversely as the square of the planet's distance 
from the sttn. There is a slight error in NichoFs statement that * by an appropriate 
choice of an eccentric circular orbit the sun's motion relative to the earth or to any 
planet,' (or, which is the same thing, any planet's motion relatively to the sun), *may 
be very closely approximated to,' on the supposition of uniform velocities. See article 
* Eccentric ' in Nichol's * Cyclopaedia of the Physical Sciences/ On such a supposi- 
tion the angular velocity of a planet about the sun's centre would appear to vary in- 
versely as the distance, instead of as the square of the distance of the planet. 
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The absolute dimensions of the ellipse in which Saturn moves 
are as follows : his mean distance from the sun (or half the greater 
axis of his orbit) is no less than 874,321^000 miles^ his least dis- 
tance (or 88) is 825,404,000 miles, and his greatest distance (or s«'') 
is 923,238,000 miles. The eccentricity of the orbit is very nearly 
•056. In this vast orbit he moves with a mean velocity of 21,160 
miles an hour, sweeping out a mean hourly angle of 5^^*025 about 
the sun. He occupies 10759'2197106 days in moving once round 
his orbit, or in completing a sidereal revolution.* 

Kepler next inquired whether there existed any relation between 
the periods of the planets and the dimensions of the planetary orbits. 
He selected the mean distances (or the semi-major axes of the orbits) 
for the comparison, considering that some relation might probably 
be found between the powers of these distances and of the periodic 
times. It was, however, only after many years' inquiry, that he ar- 
rived at the conclusion that it was here, and thus, that some new 
harmony in the planetary scheme was to be sought. One would 
have thought the rest of the work was simple ; yet even when the 
very law he was seeking had occurred to him, two months and a 
half elapsed before he was able to verify it Let us consider how 
the law might have been determined from the orbits and periods 
of Saturn and the earth. Calling the mean distance of the earth 1, 
Saturn's mean distance is 9*53885 ; again, calling the earth's period 
I, Saturn's period is 29*4566 : — ^now what relation (if any) exists 
between these numbers, 9*53886 and 29*4566, or their powers? 
The first is less than the second, but the square of the first is plainly 
greater than the square of the second ; we must therefore try higher 
powers of the second number. Trying the next power, that is, the 
square of the second number, we immediately find the relation 
we are seeking ; thus : — The square of the first number is less than 
the square of the second ; but the next power, or the cube, of the 
first number is almost exactly equal to the square of the second.t 



* All the elements of Saturn's orbit are tindergoing slow processes of change ; the 
natures and causes of some of these are examined Airther on; the tables of Appendix II. 
indicate the amount of the annual \ariation of eacli element. 

t The cube of 9*53885 is 867*9369 ; and the square of 29'4566 is 867*691, differing 
from .the first by less than 0'246« 
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Here then is the required law, if, only, it shall appear that the rela- 
tion is confirmed when we try it upon other pairs of planetary 
orbits. On trial it appears to be true for every such pair, and thus 
the third law of Kepler is established ; viz., that, 

3. The squares of the periodic times of the planets vary as the 
cubes of their mean distances.* 

Such are the laws of Kepler — laws purely empirical as presented 
by him, but destined to prepare the way towards, if they did not 
directly lead up to, the grandest law of nature yet discovered by 
man — the law of universal gravitation. Strictly speaking, none of 
Kepler's laws are correct : the planets being of appreciable mass 
and exercising attractions upon each other and upon the sun, their 
motions deviate from the orbits they would follow if these conditions 
did not exist — orbits which would be strictly in accordance with 
the laws propounded by Kepler. The accuracy of the laws, how- 
ever, corresponded with, if it did not surpass, the accuracy of in- 
strumental observation in Kepler's time, and for many years follow- 
ing the announcement of his important discoveries. 

In the latter half of the seventeenth century, Newton com- 
menced the investigation of Kepler's laws. Kepler had sought 
to learn what are the paths of the planets, and what the laws they 
obey in pursuing those paths : Newton devoted the powers of his 
piercing intellect to inquire why the planets follow such paths and 
obey such laws. He sought, in fact, the physical interpretation of 
the observed ph^iomena. 

Newton first proved that a body moving in such a manner with 
respect to any point that its radius vector describes equal areas 
about the point in equal times, is moving under the influence of 
forces constantly directed towards or from that point. According as 
the orbit thus described is concave or convex towards the point, 
the force acts towards or from the point. Since, then, each planet 
describes equal areas in equal times about the sun, and moves in 
an orbit whose convexity is towards him, the sun exerts an attractive 
force on each member of the system. 

♦ The law may also be expressed as follows : — ^Pixed nnits of time and space being 
chosen, the square of the number expressing the periodic time of a planet bears a con- 
stant ratio to the cube of the number expressing the mean distance of the planet. 
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Secondly, Newton demonstrated that if a body revolves in an 
elliptical orbit (or in an orbit whose form is any of the conic 
sections) under a central attracting force residing in one of the 
fod^ that force varies as the inverse square of the distance of the 
attracted body. He further showed that Kepler's third law was a 
necessary consequence of attraction so varying. 

In obtaining these results, Newton may be considered to have 
empirically demonstrated the existence of an attractive force 
exerted by the sun's mass, and to have established the law under 
which that force acts. The reader must be careful, however, to 
distinguish such a result from the establishment of the great law 
of gravitation. The mere determination of the law of attraction 
exerted by the sun on the planets and by these on their satellites, 
however interesting, would have been neither particularly valuable 
nor — except in being demonstrated — ^novel. The idea of attractions 
so exerted, and the very law of such attractions, had occurred to 
many astronomers long before Newton's day ; nor does it appear 
that Newton himself attached any great value to the result, thus 
far, of his inquiries into the planetary laws of Kepler. 

The history of the process by which Newton arrived at the great 
discovery which has rendered his name feimous has been repeated 
so often that it would be idle to give it here at length. The idea 
that the moon was itetained in its orbit about the earth by the 
same attractive energy that causes unsupported bodies to fall to 
the earth,* appears to have occurred to Newton about the year 

* The stoiy of the apple, whose fall suggested the first idea of his great disooTeiy to 
Newton, is probably apocryphaL Whether it is true or not, the manner in which it 
is usually related in works on popular science is calculated to lead to altogether 
erroneous ideas of the nature of Newton's discovery. It would not have been the 
question, *Why does the apple fell?' — ^that Newton would have asked himself: 
the attraction of gravity had been known for many ages ; the laws of its action on 
falling bodies had been discussed, however erroneously, by Aristotle, and had been 
coirectly established by GklUeo. The inquiry might have been suggested, ' What if 
this attraction of gravity, so familiar to philosophers, of whose operation I have just wit- 
nessed an effect, has a wider range of action ? what if an attraction whose influence 
appears to be exerted alike on bodies of the most varying natures, and to be unaffected 
by differences of elementary conformation, of form, or of physical condition, in the bodies 
acted upon, is itself exerted equally by bodies so differing ; is a property depending not 
upon the qualify but simply on the quantity of matter ; — is, in fact, a ** primitive power 
of nature," exerted by every atom in immeasurable space, with a range altogether 
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1666. He was unable, however, at that time, to establish the 
identity of the attractive energies displayed by the earth upon the 
moon and at her own surface, owing to the erroneous measure of 
the earth's radius then accepted. At length, in 1684, making use 
of Picard's more correct determination of the earth's magnitude, he 
was able to remove the discrepancy which had till then baffled him. 
He had already proved that, so far as terrestrial bodies were con- 
cerned, the earth's attraction is not influenced by the nature of 
the attracted object — ^that all solids, liquids, and gases, elementary 
and compound, in whatever physical state, are in the same degree 
under the influence of this omnipresent agency ; he had now shown 
that the only celestial object whose motions are guided chiefly by 
the earth's attraction, shows by its main movements that it is in- 
fluenced in the same degree as any terrestrial object would be at 
the moon's distance, supposing the earth's attraction to diminish 
as the square of the distance ; and, lastly, he had proved that this 
law of variation prevails in the attractions of the celestial bodies. 
The conclusion deduced was announced by Newton — ^the last to 
rush from particular phenomena to general theories— in the grand 
cosmical law : — * Every particle of matter in the universe attracts 
every other particle with a force varying directly as the product 
of the masses and inversely as the square of the distance.' Under 
this law the satellites sweep roimd their primaries, these round 
the sun, the sun on his course within the star cluster to which he 
belongs, that cluster amidst its companion nebulae, and the whole 
system of nebulae amongst other systems in immeasurable space — 
all in their movements acting on and reacted upon by each other. 
And through the same great principle of nature, the least movement 
of the smallest insect on our globe has its influence on the motions 
of the most important members and systems of the universal 
Cosmos. 

It is interesting to notice how admirably the characters of the 
three men whose labours had led up to and culminated in this 

tinlimited, however it may be modified, by distance ? ' It is quite possible that some 
simple event of the nature described might have started such a train of ideas in a mind 
like Newton's ; it is certain that the law he established after eighteen years of patient 
waitings has no narrower significance* 
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magnificent discovery, were adapted to the parts each had to per- 
form. To Copemicufl was given the confidence without ostentation 
necessary to the. philosopher who is to refute ideas long held 
unquestioned : * Vir fuity' says Kepler on this point, * maadmo 
ingenioj et quod in hoc eocerdtio magni eatj animo Uber,^ * Kep- 
ler's mind was cast in a different mouldL He was not one who 
could originate a system, but rather one who, receiving a system 
from the hands of another, could appreciate its value, investigate 
its relations, and trace in it laws and analogies hidden from its 
discoverer. Inquisitive, ingenious, and imaginative, he pursued 
his inquiries with singular energy and untiring patience. In the 
midst of poverty, and tried grievously by a series of the most dis- 
tressing domestic afflictions, he pertinaciously pursued, during 
twenty-three years, the path he had adventured upon.t Newton 
was endowed with a more comprehensive genius than either of his 
predecessors: bold and original like Copernicus — as observant, 
inquisitive, and patient as Kepler — ^he added to these qualities a 
piercing insight into those hidden operations and laws of nature to 
which celestial and terrestrial phenomena are due, and a wonderful 
aptitude in inventing and conducting experiments to confirm or 
correct his views. He was, on the one hand, the true philosopher 
of the Baconian type, forcing nature to reveal her secrets by sedu- 
lous and reiterated inquiries ; on the other hand, he afforded an 
early illustration of Bacon's error in supposing his system of philo- 
sophy would raise all its followers to one level, however various 
might be their talents or capacities : — As in genius, so in the work 
he accomplished, ' genua humanum ewperaviV % 

* Preface to the *Rudolpliine Tables,' publiahed by Kepler in the year 1628. 

t We find him in the year 1696, at the age of twenty-three, seeking the laws of the 
planetary orbits in simple numerical relations, in * the residaa of sines and cosines,* 
and in the radii of circles inscribed in and circumscribed about triangles, squares, and 
polygons; he CTen adopted, temporarily, a rough approximation drawn from the rela- 
tions among the radii of spheres inscribed in and circumscribing the regular polyhedra. 
The singular law called the law of Bode or Titius is due to the ingenuity of Kepler, 
who also preceded Olbers in the supposition that some invisible planet occupied the 
space between the orbits of Mars and Jupiter. 

X It is a rather singular coincidence that Kepler and Newton, to whose labours, 
chiefly, the discovery of the system of the imiverse is due, were both prematurely born 
into the world : — ^Kepler four days before Chridtmas-day in the year 1671 ; Newton on 
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In succeeding chapters of this work, we shall see how the theoiy 
of gravitation enables us to determine Saturn's weight and 
density. It has been applied also to determine the weight, and 
thence the probable thickness of Saturn's rings. In the sixth 
chapter, the great inequality of Saturn and Jupiter produced by 
the mutual attractions of these, the two most important members 
of the solar system, is examined and explained. 

If any doubts could have remained of the truth of the Coper - 
nican theory after the revelations of the telescope and the investi- 
gations and discoveries of Kepler and Newton, Bradley's discovery 
of the aberration of light must have finally removed them. By 
this important discovery he proved that every star in the heavens, 
in tracing out its yearly aberration-ellipse, reflects the motion of 
our earth about the sun,* and becomes, in fact, a shining record of 
the ceaseless movements of that world, which seems to the un- 
tutored mind the aptest type of immobility. 

Christmas-day 1642, the year in which Galileo died. We read of Kepler that 'he was 
a seyen-months' child, very sickly during early life, and at the age of fourteen he was 
forbidden all mental application ;' — of Newton, that 'he was so small at birth, that he 
might have been put into a quart pot,' and 'that the attendants successively despatched 
for medical aid were astonished to find him alive on their return.' 

* It is plain that the stars are not the only objects whose positions on the celestial 
sphere are affected by the aberration of light ; the planets, asteroids, and satellites are 
similarly affected in different degrees according to the directions of their motions and 
those of the earth; the sun*s position is also affected by aberration, but with less varia- 
tion in the amount of such affection. The moon is the only celestial body whose mo- 
tions are not affected by aberration due to the earth's motion : the aberration due to 
her own motion is very smalL The planetary and solar aberrations have been exactly 
computed, and are duly taken into account in determining the daily motions and posi- 
tions of the sun and planets. 
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CHAPTER m. 

TEIJSSCOPIC DISCOYEBIES. 

In the beginning of July 1610, at Padua, GralUeo first examined 
Saturn with his largest telescope. Poor as this instrument would 
now be considered,* utterly insignificant as it would appear beside 
the gigantic tubes with which the Herschels, Bosse, Lassell, and 
Bond, have scanned the celestial depths, he hadjalready effected with 
it a series of the most important discoveries. He had completed its 
construction in the preceding year— the year in which Kepler an- 
nounced his first and second laws ; and on the 7th of January, 1610, 
he had discovered by its means four new members of the solar system 
circulating around Jupiter, the least of which is nearly as large as 
our moon, while the greatest is equal in magnitude to the planet 
Mercury. We can imagine with what emotions of interest and 
expectation he applied his telescope to the examination of the 
more distant planet. 

In July 1610, Saturn was approaching opposition, and very 
favourably situated for observation. Yet the result of Galileo's 
inspection was not satisfactory. He could detect a peculiarity in 
Saturn's appearance, but he was unable to determine the cause of 
that peculiarity. It appeared to him that on each side of Saturn's 
disc there was a minor disc. The two lesser discs seemed to be 

* Galileo's largest telescope had a magnifying power of thirty-two diameters ; two 
others hd employed had powers of four and seyen diameters only; the fields of yiew in 
all of them were very small. We leazn from Brewster, who examined the largest ^, 
few years ago at Florence, that * the object-glass was reduced to one-third of its area 
by a diaphragm of card, and the field was like a smaU hole.' A more powerftd and 
far handier instrument may now be obtained in any optician's shop for a few shillings ; 
yet if we regard the absolute importance of the discoveries effected by different tele^ 
scopes, few, perhaps, will rank higher than the little tube now lying in the * Tribune of 
Ckdileo' at Florence. 



46 SATURN AND ITS SYSTEM. 

perfectly equal and symmetrically placed on opposite sides of 
Saturn, whose disc they appeared to overlap. Continuing his 
observations for several months, Galileo found that the two smaller 
discs retained the same position and were apparently unaltered in 
magnitude. These appearances were altogether perplexing to him ; 
no phenomenon with which his telescope had hitherto made him 
acquainted, had prepared him to anticipate or understand a con- 
formation so remarkable. The minor discs were evidently dif- 
ferent from Jupiter's satellites : and, even if they were orbs 
attending on the central globe, it remained inexplicable that they 
should be always seen in the same position with respect to it, for 
this required that they should always be in the same position with 
respect to the line of sight from the observer on earth, a line 
whose motions partly depend, as we have seen, on the motions of 
the earth ; so that it would appear as if these singular attendant 
orbs were partly guided by the earth in their movements about 
Saturn. Notwithstanding this apparently inexplicable circum- 
stance, Galileo accepted the triplicity of Saturn as the only pos- 
sible explanation of the phenomena, and in November 1610, he 
told Kepler that ' Saturn consists of three stars in contact with 
one another.' He announced the supposed discovery to the world 
of science, in the form of an anagram produced by transposing the 
letters of the sentence : — * altiasimvmh plcmetam tergemmv/m, 
observavij *I have observed that the most distant planet is 
triform ; ' adopting this fanciful plan to prevent other astronomers 
from claiming the honour of the discovery. 

After an interval of a year and a half, Galileo again examined 
Saturn. To his infinite amazement not a trace was visible of the 
appearances that had perplexed him before ; there in the field of 
view of his telescope was the golden-tinted disc of the planet as 
smoothly rounded as the disc of Mars or Jupiter.* We can 
imagine how in his perplexity, he must have thought his telescope 
in fault, and how, adjusting the instrument, and cleaning the 

♦ From Table X. it -will be seen that the ring disappeared on December 28th, 1612, 
its plane passing through the snn; in the spring of 1613 the ring reappeared, its plane 
passing through the earth. There was no other disappearance at this passage of the 
ring's plane across the orbit of the earthl See Chapter IV. 
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glasses, he must again and again have brought the planet into the 
field of view, — still to see a single disc, where he had expected to 
see his triform planet. Finally, confused and amazed by a change 
so startling, he seems to have been inclined to put faith for the 
moment in the assertions of his enemies, that the discoveries he 
had reported had been mere illusions, justly sent to punish a spirit 
too prying and inquisitive : — ' Is it possible,' he exclaimed, * that 
some mocking demon has deluded me ? ' 

The changes that Galileo afterwards detected in Saturn's appear- 
ance were still more perplexing. The minor orbs reappeared, and 
waxed larger and larger, varying strangely in form : finally, they 
lost their globular appearance altogether, and seemed each to have 
two mighty arms stretched towards and encompassing the planet 

From a drawing in one of his manuscripts it has been supposed 
that Cralileo suspected the true cause of these startling changes. 
In this drawing Saturn is represented as a globe resting upon a 
ring. It seems more probable, however, that this drawing is a 
modern addition to the manuscript, and that Galileo was never 
able to explain the phenomena whose succession he had observed 
and recorded.* 

Hevelius, with more powerful instruments, but in a climate less 
favourable to the astronomical observer, was not more successful 
than Cralileo in explaining Saturn's mysterious changes of form. 
In the year 1656 he published his treatise ^de natwd Batumi 
faciej in which he announced the result of his observations, con- 
cealing his real perplexity under a flight of sesquipedal words. 
^Saturn,' he informed his contemporaries, with an amusing at- 
tempt at accuracy, ' presents five various figures to the observer — 
to wit : first, the mono-spherical ; secondly, the tri-spherical ; 
thirdly, the spherico-ansated ; fourthly, the elliptico-ansated ; 
fifthly, and finally, the spherico-cuspidated.' 

A year or two before, Huygens, with a telescope of 12 feet 
focal length, had detected dark spaces enclosed within the as yet 
unexplained appendages on each side of Saturn's disc Thus 

* It wiU be seen from Table X. that the ring disappeared again in the year 1626, 
the plane of the ring passing throngh the earth early in September, and through the 
Sim on the 15th of September in that year. Galileo became blind in 1637. 
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Saturn appeared as a globe, with two handles symmetrically placed 
on either side ; or, as Hevelius expressed it, as an ansated spheroid. 
Subsequently, with a telescope of 23 feet focal length, and magni- 
fying 100 times, Huygens saw these dark spaces more distinctly: 
but the true figure and structure of Saturn remained still a mystery 
to him. Some of the changes observed in Saturn's appearance 
could be explained by supposing the two appendages to be actually 
ansae, or handle-formed structures attached to Saturn's body, but 
others remained inexplicable. It was not credible that the motions 
of Saturn's globe should be so exactly adjusted to those of the earth 
in her orbit, that the diameter through the ansae should be always 
at right angles to the line of sight from the observer on earth ; yet, 
if this were not the case, it remained impossible to explain how it 
happened that — whatever variations might appear in the forms of 
the ansae — ^they always seemed to stand out to the same distance 
from the disc of the planet. 

In the spring of 1656 Saturn appeared without his ansae,* though 
Huygens examined him with a telescope of 123 feet focal length — 
one of the aerial telescopes he had himself invented. After observ- 
ing the circumstances attending the disappearance and reappearance 
of the ansae, and carefully investigating the theories which appeared 
most plausibly to account for the phenomena, Huygens at length 
arrived at the true explanation. He announced to his contempo- 
raries, in the year 1659, that Saturn is girdled about by a thin flat 
ring, inclined to the ecliptic, and not touching the body of the 
planet.f He showed that all the variations in the appearance of 
this ring are due to the inclination of its plane to the ecliptic, while 
the tenuity and flatness of the ring explain its disappearance 
when the edge is turned to the spectator or to the sun. He found 
that the diameter of the outer circumference of the ring exceeded 

* The plane of the ring passed through the sim early in March 1656 (see Table X) ; 
it had passed through the earth in the autumn of 1655, but Saturn was not then favour- 
ably situated for observation. After its plane had passed through the sun the ring 
became visible, but disappeared a few weeks affcer, its plane passing through the earth. 
The ring reappeared, finally, in the summer of the same year. 

t Huygens propounded this important discovery in the form of the following sen- 
tence, anagrammatically transposed, * annulo cingitur tenui, piano, nusquam cohasrente, 
ad eclipticam inclinato.' 
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the diameter of Saturn's globe in the proportion of about 9 to 4 ; 
and he considered the breadth of the ring about equal to the breadth 
of the space between its inner edge and Saturn's body. 

Four years before, on March 25th, 1655, Huygens had made 
another important discovery: by aid of the 12-feet telescope 
already mentioned, he had detected a satellite attending on Saturn. 
Judging from the brightness of this satellite at so vast a distance, 
he considered that it must greatly exceed the largest of Jupiter's 
satellites in magnitude, and be little, if at all, inferior to the planet 
Mars. It revolves round Saturn in rather less than 16 days, at 
a distance of nearly 760,000 miles. In 1659, Huygens published 
a table of its mean motions. As this discovery raised the number 
of secondary planets to six (including our moon) ; and as but six 
primary planets (including the sun) were known to Huygens, he 
sought for no more satellites — sharing the idea, then commonly 
entertained, that the numbers of the primary and secondary mem- 
bers of the solar system must certainly be equal. Otherwise, with 
the powerful telescopes he subsequently constructed, he could not 
have failed to detect two (if not all) of the four satellites dis- 
covered by Cassini. 

Huygens discovered that Saturn's globe, like Jupiter's, is marked 
by belts parallel to the equator, and on one occasion he observed 
as many as five ; but he was uuable to detect any other signs of 
Saturn's rotation. 

In 1665, William Ball discovered a black stripe of considerable 
breadth, running quite round the northern surface of the ring, and 
having its outer and inner edges concentric with the edges of the 
ring. Ten years later, Dominic Cassini observed a corresponding 
stripe on the southern surface of the ring. He observed also that 
the part of the ring's surface outside this stripe is not so bright as 
the part within. He suggested, in explanation of these phenomena, 
that the ring is divided into two concentric rings, the inner ring 
being the brighter. 

Four years before, in October, 1671, Cassini had discovered a 
second satellite, revolving at a mean distance of about 2,209,000 
miles from Saturn, in rather more than 79 days. This satellite is 
not so bright, and is therefore probably smaller than the satellite 

£ 
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first discovered, but is certainly not inferior in magnitude to the 
largest of Jupiter's moons. Cassini soon detected a singular phe- 
nomenon in this satellite ; through nearly one half of its revolu- 
tion about Saturn, it disappears regularly, even when sought 
with the same telescope in which, through the rest of its revolu- 
tion, it is a conspicuous object. He concluded that one half of the 
surface of the satellite must be less capable of reflecting light 
than the other, and that, like our moon, it rotates once on its axis 
in each revolution about its primary.* He subsequently aban- 
doned these views ; but they were confirmed by Newton and Her- 
schel, the former showing that no explanation can be given of the 
regular disappearance of the satellite but that suggested by Cassini ; 
the latter, by a series of careful observations with his powerful re- 
flectors, establishing the correctness of Cassini's observations. These, 
and similar observations by M. Bernard at Marseilles in 1787, and 
by later astronomers, seem to leave no doubt on the subject. f We 
have here, then, a secondary planet rotating on its axis in 2^ 
months, while (as will presently appear) its primary, whose volume 
is 15,000 times as great, rotates on its axis in less than 10^ hours. 
On December 23rd, 1672, Cassini discovered a third satellite 



. * The only satellites whose motions of rotation have been^etected exhibit the same 
peculiar relation between rotation and revolution. They are six in number: — our moon, 
the four satellites of Jupiter, and the outer satellite of Saturn. Either the surface of 
the largest of Saturn's satellites is little marked with irregularities, or these are distri- 
buted with tolerable uniformity, since it presents no appreciable changes of brilliancy. 
Of the other six satellites of Saturn, the satellites (variously estimated at four, six, 
and eight) of Uranus, and Neptune's satellite, nothing is likely to be known tiU tele- 
scopes far more powerful than any now in use shall have been constructed. 

t In the year 1705, it was observed that this satellite was visible through a complete 
revolution, and it was hence concluded that the irregularities upon its surface are vari- 
able. Far more probably, however, the phenomenon was due to the exceptional clear- 
ness and steadiness of the earth's atmosphere during the interval of two or three weeks 
occupied by the satellite in traversing the part of its orbit in which it usually disap- 
pears. Any one who is in the habit of using a telescope of even moderate power sys- 
tematically, must soon become aware that there are occasionally brief intervals during 
which the power of the telescope seems increased, though the eye detects no correspond- 
ing change in the appearance of celestial objects. Unfortunately, such intervals occur 
but rarely in our latitudes, and seldom last more than two or three days. They gene- 
rally occur in early spring and late autumn ; winter and summer are seldom favourable 
seasons for astronomical observation, notwithstanding the brilliance of some of our winter 
nights, and the softer splendour of the nocturnal skies in summer. 
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whose orbit lies within those of the other two. He effected this dis- 
covery by means of a telescope of Campani's, 35 feet in focal length. 
This satellite revolves about Saturn in rather more than 4i^ days, 
at a mean distance of about 328,000 miles. Judged by its bright- 
ness, it is probably much smaller than either of the two satellites 
first discovered. It exceeds the outer satellite in brightness, how- 
ever, when the latter is at or near its easterly elongation. 

In March 1684, Cassini discovered two more satellites by means 
of Campani's object glasses of 100 and 136 feet focal length.* 
These satellites revolve within the orbits of the first three, their 
mean distances from Saturn's centre being about 224,700 and 
180,000 miles. Thus both are nearer Saturn's surface than our 
moon fo the surface of the earth. They occupy about 2| days, and 
1| days, respectively, in completing their revolutions about Saturn. 
They are about equal in brightness, being each slightly inferior in 
this respect, and therefore probably in magnitude, to the third 
satellite discovered. 

Cassini found that the orbits of the five satellites hitherto dis- 
covered correspond with the laws of Kepler (see Table V.). He 
found also that the four inner satellites move in planes very nearly 
coincident with the plane of the rings, while the fifth moves in a 

* Cassini also used object-glasses of 200 and 300 feet focal length, and Anzont con- 
stracted glasses haying focal lengths of 600 feet Of course, glasses of such enormous 
focal length were not fixed in tubes. They were attached to frames constructed to slide 
up and down tall uprights. The eye-glasses of such telescopes were simply connected 
with the object-glasses by wires of the proper length. Obsen-^ation with such tele- 
scopes must have been wearisome work, and we cannot wonder that the invention of 
reflecting telescopes was gladly hailed as oflTering a relief from the use of such cum- 
brous and imperfect instruments. The reflector presented by Hadley to the Royal 
Society, in 1723, Ihough it had a focal length of only 10 feet 5 J inches, was fully equal in 
power to the refractor of 123 feet focal length given by Huygens to the same Society. 
Yet the difScidty of grinding the specula accurately, and of preserving them when 
ground from changes of form and loss of reflecting power, must always prevent re- 
flecting telescopes from replacing refractors, now that the construction of achromatic 
object-glasses has attained such perfection. That absolute truth of form has been ob- 
tained in reflecting specula by the most ingenious systems of grinding may be doubted, 
when we remember that the Harvard refractor, with an object-glass of fifteen inches 
diameter, has clearly resolved nebulse in which but doubtful indications of resolvability 
are afforded by the splendid 6-feet speculum of Lord Rosse's reflector. 

It may be questioned whether, in certain applications of the telescope, tubeless tele- 
scopes might not be occasionally used with advantage, diminution of weight and con- 
sequent cheapness of construction compensating a slight loss of illuminating power. 

E 2 
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plane inclined at an angle of about 15° to the plane of the ring. 
The younger Cassini investigated these relations more closely, and 
in 1717, published a table of the distances, mean motions, and in- 
clinations of the orbits of these satellites. He determined also with 
considerable accuracy, the position of the ascending node of the 
rings' plane on the ecliptic, and on Saturn's orbit, and the position of 
the ascending node of the fifth satellite on the same circles. Halley 
corrected the results obtained by Huygens and the elder Cassini; and 
later, in 1720, published the elements of the orbits of the five satel- 
lites, corrected from a series of observations made by Pound. Halley 
also detected an eccentricity in the orbit of the largest satellite, and 
roughly determined its amount, and the position of the line of apsides. 

Cassini called the four satellites he had discovered * Sidera 
Lodoicea,' in honour of'Louis XIV., under whose patronage his 
labours had been conducted.* This name has, however, long since 
been disused. The satellite discovered by Huygens has received 
the name of Titan ; and the four discovered by Cassini have been 
called (in the order of their distances from Saturn), Tethys, Dione, 
Rhea, and Japetus. But the most convenient method of indicating 
these and the satellites since discovered, is by numbering them in 
the order of their distances from Saturn : thus the satellite dis- 
covered by Huygens is now known as the sixth satellite, while the 
satellites discovered by Cassini are known as the third, fourth, fifth, 
and eighth satellites. By referring to Plate I. the reader will be 
able to form an idea of the relative brightness of these bodies, 
and of the probable proportions they bear to each other, to the 
globe of Saturn, and to the other bodies represented in that en- 
graving, all of which are on the same scale. ' In fig. 1, Plate VII., 
they are represented at their proper relative distances from Saturn ; 
while in fig. 2, the dimensions of their orbits are represented on 
a smaller scale. The elements of the eight satellites are given in 
Table V., Appendix II. 

For nearly a century after the discovery of Tethys and Dione 
no new features of importance were revealed by the tele- 

* Cassini was naturalized in France in 1673. His son Jean Jacques Cassini, and 
his grandson C&sar Francois Cassini, were both born in France. The family, however, 
originally came from Italy. Cassini himself was bom at P6rinaldo, in Nice. 
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scope in the Saturnian system. Several phenomena already 
suspected were verified, however, and others — not wanting in in- 
terest — detected. Hadley discovered that the outer part of the 
ring is thinner than the inner ; he observed also the shadow of the 
ring on Saturn,* and the shadow of Saturn on the ring. He 
confirmed Huygens' observation of belts on Saturn's disc, and 
found that, like the belts of Jupiter, they vary in form and number. 
Halley, also, observed Saturn's belts, and concluded from their 
changes of form as Saturn traverses different parts of his orbit, 
that Saturn rotates on an axis perpendicular (to the sense) to the 
plane of the rings ; in other words, that the plane of Saturn's 
equator coincides (to the sense) with the plane of the rings. In 
October, 1714, a few days before the disappearance of the rings, 
the earth being nearly in their plane, Maradi observed a singular 
phenomenon : — the narrowing ansae of the ring appeared to be 
unequal in size, the eastern being the larger ; yet after an interval 
of two nights the eastern ansa had disappeared, while the western 
was visible, though reduced to a faint line of light. From these 
observations he concluded that the rings are not of uniform thick- 
ness, and that they revolve about Saturn in their own plancf In 
this conclusion may be traced the germ of the important discovery 
of the rotation of the ring afterwards made by Herschel. It may 
be noticed, however, that in arriving at this conclusion Maradi 
made two assumptions, neither of which (as will presently appear) 
is correct. He assumed, first, that the ring is a solid formation ; and 
secondly, that it is a rigid solid. The first assumption was justified 
by the appearance of the ring, and was maintained, or rather 
never disputed, till the discoveries of the last few years led to a 

* Cassini, in 1675, obserred a dark belt on Saturn's body, parallel to the greater axis 
of the rings. This was probably either the shadow of the ring on Saturn, or the first 
indication of the existence of the dark inner ring lately discovered. In 1676, the rings 
were weU opened, but not to their fuU extent ; at such a time the outlines of the belts 
are elliptical The outlines of the dark ring and of the shadow are, it is true, also 
elliptical, but they form parts of larger ellipses, and appear nearly straight and parallel 
to the greater axis of the ring. 

t It will be seen from Table X. that the plane of the ring passed through the sun 
in February 1716, reappearing. After this the plane of the ring passed twice through 
the earth, disappearing at the first passage and reappearing at the second. These 
passages occurred in the summer ofl 1716, and within a few weeks of each other* 
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diflferent view. The second assumption, on the other hand, is 
altogether unreasonable. It was not to be expected but that so vast 
a formation, subject to so many disturbing attractions, and whose 
thickness is obviously disproportionate to its other dimensions, 
should be subject to vast undulations ; and these, for anything 
known to the contrary in Maradi's day, might sweep round the 
ring, altogether independently of any absolute motion of rotation 
in the system, and would thus suflBciently account for the pheno- 
mena observed by Maradi. 

The motions and distances of the satellites, and the dimensions 
of the ring, were determined with considerable accuracy, by several 
astronomers, during the interval above mentioned. Some of 
these measurements will be made use of in a future chapter, 
but most of them have given place to the more exact determina- 
tions of the present century. 

One or two observations, rather curious than valuable, were also 
made in the interval named. Thus, Whiston records that his 
father had seen a star through one of the openings between the 
planet and the ring. Such an occurrence, though uncommon with 
the telescopes in use in his day, is not infrequent with modern 
telescopes, especially when Saturn is traversing the constellations 
Taurus and Gemini in one part, Scorpio and Sagittarius in the 
opposite part of the Zodiac. No star of the first four or five mag- 
nitudes has ever, I believe, been seen through these openings. 
Again, Cassini has recorded that in 1692 he saw a fixed star 
occulted by Saturn's largest satellite, an occurrence that must be 
exceedingly rare even with the most powerful telescopes, and when 
Saturn is traversing those parts of the Zodiac in which stars of all 
magnitudes are most profusely scattered. 

During the last fifteen years of the eighteenth century, many 
important discoveries were made by the elder Herschel in the 
Saturnian system. WTien the northern side of the ring was visible 
before the disappearance of the ring in 1789, he carefully examined 
the black line discovered by Ball. He appears during this time 
to have been strongly opposed to the idea that the ring is divided, 
even where this line is seen ; still less was he willing to accept the 
hypothesis of the multiple division of the ring. Four observations 
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in 1780 had appeared to indicate the possibility that other divisions 
besides the great one exist in the ring ; and Laplace — his inferior as 
a practical astronomer, but his superior as a mathematician — had 
asserted that such divisions are absolutely necessary to the stability 
of the formation. Herschel maintained, however, and with some 
reason, that observation afforded no support to the theories of the 
French mathematician. Confident that his 20-feet reflectors were 
equal, if not superior, in power to the best telescopes of his day, he 
refused to put faith in the records of observations which his own 
telescopes failed to verify ; and the idea of the temporary exist- 
ence of such lines either never occurred to him, or was rejected as 
improbable.* His observations of the ' broad black mark,' as he 
at first spoke of the great division, were conducted with his usual 
accuracy and clearsightedness. He found that the outer and inner 
boundaries of this mark are both ellipses, concentric with and 
similar to the boundaries of the rings. He argued that the black 
stripe could not be the shadow of hills on the surface of the ring, 
since such a shadow would vary with the position of Saturn in his 
orbit, and when Saturn is in opposition no shadow would be visible 
at the ends of the longer axis of the elliptical mark, whereas it is 
precisely at these points that the mark is broadest. For similar 
reasons he rejected the idea that the line indicates the existence 
of a vast cavernous groove on the northern surface of the ring. 

On the reappearance of the ring in the winter months of 
l789-90,t he examined its southern face with his 40-feet reflector, 
and after carefully measuring the stripe on this face, he found 
that it corresponds exactly in form and dimensions with the stripe 
on the northern face. Accordingly, in the year 1790, he an- 
nounced his suspicion that the formation is divided into two rings 
by a vast circular gap of uniform width— at the same time record- 
ing his opinion that this is the only division existing in the 
system. 

On August 19th, 1787, Herschel thought he could detect a 
sixth satellite attending on Saturn. He remained uncertain as 

* He has, in fact, recorded his opinion that the rings are undoubtedly solid forma- 
tions, * since they cast a strong shadow on the body of the planet.' 

t The disappearances and reappearances of the rings in the years 1789-1790 are 
considered in Appendix II. See explanation of Table X. 
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to the existence of this body until the completion of his 40-feet 
reflector.* On August 27th, 1789, the first evening after the 
completion of this powerful instrument, he directed it towards 
Satiu:n. No sooner had he brought the planet into the field of 
view than he plainly saw six stars shining round its disc. Five of 
these were the satellites already discovered ; it remained to be seen 
whether the sixth were a satellite or a fixed star. Saturn was then 
not far from opposition, and retrograding at the rate of 4^ 30'' 
daily ; thus the motion of his system was carrying him across the 
celestial sphere, slowly indeed, but with a motion readily detected, 
even in a short time, by a telescope of such power as Herschel's. 
Thus, 2^ hours after the first observation, Herschel found all the 
six stars had accompanied Saturn in his slow motion across the 
celestial sphere — all, therefore, were satellites. 

Herschel fonnd that the orbit of the newly-discovered satellite is 
within those of the other five. It is less conspicuous, and, therefore, 
probably smaller than any of the satellites that had hitherto been 
discovered. It revolves about Saturn in rather less than one. day 
and nine hours, at a distance of about 148,000 miles from Saturn's 
centre, or about 112,000 miles from the surface of the planet. 

While continuing his observations of this satellite, and within 
three weeks of its discovery, Herschel detected a seventh satellite, 
about as small — or, at least, as little conspicuous — as the other, 
and following a smaller orbit. This satellite moves at a distance 
of rather more than 115,000 miles from Saturn's centre, or about 
79,000 miles from his surface. Its mean distance from the outer 
edge of the ring is less than 32,000 miles. It accomplishes a re- 
volution around Saturn in about 22^ hours — a period of revolution 
shorter than that of any known satellite in our system. Herschel 
published tables of the motions of the two satellites he had dis- 
covered. He found that the planes in which they move are either 
absolutely coincident with the plane of the ring, or so nearly so 
that no difference can be detected. Owing to this coincidence, as 
well as to their minuteness at so vast a distance from the earth, 

* This splendid telescope, only exceeded in size by the great Parsonstown reflector, 
had a speculum four feet in diameter. It will serve to give an idea of the patience and 
energy of Herschel to record that, between the years 1775 and 1781, he cast, ground^ 
and polished 80 specula of 23 feet, 160 of 10 feet, and 200 of 7 feet focal length. 
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they are not favourably seen, even in the most powerful teles- 
copes, except when the ring is very nearly closed, as was the 
case at the time of their discovery. 

Herschel examined the belts on Saturn's surface with great care. 
He found that their outlines are straight lines when the rings are 
invisible, and change into ellipses of less and less eccentricity as 
the rings open more and more ; that, in fact, these outlines are 
always similar to the outlines of the rings. From this observa- 
tion it follows, assuming that the belts are due to the rotation of 
the planet on an axis, that the axis of rotation is perpendicular 
to the plane of the ring ; or, in other words, that the plane of the 
planet's equator coincides with the plane of the ring, as had been 
already suggested by Dr. Halley. Herschel established beyond 
doubt the connection between the belts and the rotation of the 
planet, by the discovery of certain spots on Saturn's surface. Care- 
fully observing the motions of these spots for some time, he found 
that Saturn rotates upon his axis in 10 hours, 29 minutes, 16*8 
seconds.* This rotation, like that of the earth, is from west to east ; 
so that to the Saturnians the sun appears to travel across the sky 
from east to west, as with us. Instead of 365 days, however, the 
Saturnian year contains no less than 24,618 Saturnian days. 

The investigations of Laplace into the stability of a solid flat 
ring (such as Saturn's was supposed to be) about a central attract- 
ing body, had led that distinguished mathematician to the conclu- 
sion that Saturn's rings must rotate about the planet in their own 
plane. In July, 1789, when the edge of the ring was turned di- 
rectly towards the earth,f Herschel observed that it continued visible 
as a broken line of light when viewed through one of his 20-feet 
reflectors, and that certain spots of light were carried along this 
line as if by the rotation of the ring in its own plane. Continuing 
his observations, he found that the spots of light travelled nearly 
to the ends of the ansae, so that he concluded they belonged to the 
outer ring. He found that they occupied 5 hours, 16 minutes, 
7*5 seconds in travelling from end to end of the fine line presented 

* Herschel first gave for this period 10 hours, 16 minutes, 0'44 seconds. 

t The ring at this time was reappearing; the earth which for a few weeks before had 
been on the unilluminated side of the ring passing to the iUaminated side. See expla- 
nation of Table X, Appendix II. 
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by the ring, and he therefore announced that the outer ring rotates 
in its own plane in 10 hours, 32 minutes, 15 seconds. * 

Herschel's measurements of the diameters of the planet and 
rings are somewhat in excess of the measurements now generally 
adopted as the most trustworthy. He considered that the breadth 
of the system of rings was about one-fourth greater than the 
breadth of the space between the inner edge of the inner ring 
and the planet's equator. It will be remembered that Huygens 
considered those breadths equal. Pound, with the same telescope 
as Huygens, and using an excellent micrometer, considered that 
the breadth of the ring-system was even somewhat less than the 
breadth of the space between the planet and the rings. So re- 
mai'kable a discrepancy can hardly be ascribed to errors of obser- 
vation, and it will presently be seen that the change which would 
thus appear to have taken place in the shape of the rings between 
the years 1659 and 1790, was part of a progressive increase of the 
breadth of the system, that has continued to our own time. 

Herschel at first considered the form of the planet to be sphero- 
idal, and the polar axis shorter than an equatorial diameter in about 
the proportion of 10 to 11. He subsequently changed his opinion 
as to the form of the planet, concluding, from observations taken 
in April, 1805, that the outline of the planet's disc is not a regular 
curve. He compared its form to that of a parallelogram with 
rounded corners, whose longest diagonal U inclined at an angle of 
43''20'to the equatorial diameter, while its shortest diagonal is the 
polar axis of the planet. Subsequent observation has not con- 
firmed this view, which probably arose from an optical illusion. 
At the time of observation the ring was not favourably situated for 
the measurement of the planet's disc. For this purpose the ring 
should be altogether, or very nearly closed. In April, 1805, the 
line of sight from the observer was inclined at an angle of about 13** 
to the plane of the ring, so that the ring was suflSciently. open to 

♦ Doubt has been thrown on this conclusion, since Schroeter, at the next disappear- 
ance of the ring in 1802-3, and Bond in 1848, observed that spots and irregularities 
along the thin line of light maintain their positions absolutely unchanged for hours. 
The positive evidence of the ring's rotation afforded by Herschel's observation, is not 
affected, however, by the observations of Schroeter and Bond. The spots seen by these 
astronomers have been satisfactorily explained by the latter as belonging to the general 
configuration of the rings, not to irregularities of form at particular parts of the rings' 
surface. 
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interfere with the measurement of the disc, an operation at all 
times sufficiently difficult. 

From a series of observations made in the years 1789-1790, dur- 
ing which the earth passed three times through the plane of the 
ring, Herschel arrived at the conclusion that the ring must be very 
thin. When the edge was turned directly towards the earth, the 
ring continued visible in his 20-feet reflectors as a fine line of light ; 
and in his great reflector the ring was visible even when the earth 
and sun were on opposite side of the ring's plane, — that is, when 
the unilluminated side of the ring was turned towards the earth. 
Along the fine line of light visible in the former case, the satel- 
lites appeared to move * like golden beads upon a wire,' as Herschel 
has described the phenomenon. He did not, however, conclude 
from this circumstance alone that the ring's thickness is necessarily 
less than the diameter of the least of the satellites ; for he considered 
that the disc of the satellite might be rendered visible on both 
sides of the ring by refraction through an atmosphere which he 
supposed might envelope the ring.* He was doubtful whether the 
fact that the ring is visible when its dark side is turned towards the 
earth is due to the partial illumination of that side of the ring by 
light reflected from Saturn and from his satellites, or whether he 
only saw the illuminated edge of the ring. He judged that the 
edge of the ring is not perpendicular to the faces of the ring (so as 
to be part of a cylinder of very short axis), but that it is rounded (so 
as to form part of the surface of an oblat« spheroid, whose axis is 
very short compared with its other dimensions) ; or, as he expressed 
it, * that the edge of the ring is not flat but spheridical.' 

Herschel found that when the satellites are occulted by Saturn, 
they appear both at ingress and egress to cling to his disc for a 
longer time than would be due to the dimensions of their own 

* The supposition has not been confirmed by observation, however. To produce the 
effects described, the atmosphere of the ring must ding round the edges of the ring, 
since the mere presence of an atmosphere on the flat surfaces of the rings could have 
no other effect than to dim the lustre of the satellites. Now, it is plain that as the 
satellites reached (apparently) the ends of the line presented by the ring, their motion 
would appear to be considerably modified by refraction round the ring's edge ; they 
would, in fact, appear to cling to the extreme end of the line for an appreciable in- 
terval: this is not the case, however; their apparent motions along and beyond the line 
being exactly those due to their motions in their orbits. 



60 SATUBJ^ AND ITS SYSTEM. 

discs. This phenomenon can only be ascribed to the presence of 
an atmosphere of considerable extent and density surrounding Sa- 
turn. The existence of such an atmosphere, supporting vast masses 
of aqueous or other vapours, is indicated by the belts that cover 
varying zones of Saturn's surface. In November, 1793, Herschel 
obtained a favourable view of the Saturnian belts with his 40-feet 
reflector. He observed a broad and brilliant white belt of nearly 
uniform width, covering the equatorial regions; next to it he ob- 
served a broad dark belt of a yellowish colour,* divided into three 
unequal bands by two narrow and somewhat irregular white streaks 
less brilliant than the equatorial belt. At first sight the natural 
assumption would seem to be that the dark belts are bands of clouds 
upon the surface of the planet. It must be remembered, however, 
that the clouds of our own skies appear dark to us only because 
they intercept part of the solar light. When they are so placed 
as to reflect the sun's light to the observer they appear brilliantly 
white. Now it is precisely such reflected light — the ^ silver lining ' 
of the proverb — that an observer on earth receives from cloud- 
belts encircling a planet. On the other hand, the surface of the 
planet's body, diversified probably, like that of the earth, with con* 
tinents and oceans, would exhibit in difierent districts varying 
shades of light and colour, and these — blended by the efiects of dis- 
tance and of the atmospheric envelope through which we see them 
— would combine to present precisely such dusky regions, faintly 
tinged with the prevailing colours of the planet's surface, as are 
visible in the belts of Saturn. The equatorial bright belt, which 
Herschel found to be permanent, may be ascribed to the presence 
of a permanent zone of clouds covering this part of Saturn's sur- 
face. On our earth we have a corresponding equatorial zone of 
calms, in which the sky is never free from clouds and vapours, 
and in which rain is almost constantly falling. 

The series of discoveries effected by the elder Herschel cannot 
be better closed than by his own account of the features of the 
Saturnian system : — * There is not, perhaps,' he says, * another 
object in the heavens that presents us with such a variety of extra- 

* The best modem telescopes, under favourable cipcumstanees, exhibit the dark belta 
as of a faint greenish colour. 
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ordinary phenomena as the planet Saturn: a magnificent globe 
encompassed by a stupendous double ring; attended by seven 
satellites ; ornamented with equatorial belts ; compressed at the 
poles ; turning on its axis ; mutually eclipsing its rings and satel- 
lites and eclipsed by them ; the most distant of the rings also 
turning on its axis, and the same taking place with the farthest of 
the satellites;* all^the parts of the system of Saturn occasionally 
reflecting light to each other — ^the rings and moons illuminating 
the nights of the Satumian, the globe and moons enlightening the 
dark parts of the rings, and the planet and rings throwing back the 
sun's beams upon the moons when they are deprived of them, at 
the time of their conjunctions.' 

During the present century many observers of the highest repu- 
tation for skill and accuracy have detected divisions in the rings 
concentric with the great one. One such division, separating the 
outer ring into two rings nearly equal in breadth (see figs. 2 and 3, 
Plate I.) appears to be permanent, though it is only visible through 
its entire circumference when the ring is open to its full extent. 
Even then it can only be seen with telescopes of the first class for 
power and definition, and under the most favourable atmospheric 
conditions. The late General Mitchel, the American astronomer, 
has asserted that ^ with the full power of the Cincinnati refractorf, 
defining in the most beautiful manner all the other delicate cha- 
racteristics of Saturn and his rings,' he has never been able to per- 
ceive this division in the outer ring, or a trace of * any other than 
the principal division.' In the spring of 1856, however, when thei« 

* The care with which Herschel here confines himself to what is proved and esta- 
blished is in singular contrast with the magnificent audacity of his conceptions when 
he advanced, with no guide but his own genius, into unfamiliar and awe-inspiring re- 
gions of speculation. It is^this combination of boldness and accuracy, enthusiasm and 
caution, which constitutes Herschel's claim to be classed in the very first rank among 
astronomers. The patient care with which he examined Saturn's ring for ten years be- 
fore he would accept the theory of its division, and watched a satellite for two years 
before he would pronounce an opinion on its rotation, was as important a part of his 
character as the brilliant imagination that, enabled him (as is well expressed on his 
monument at Upton) to ' break through the enclosures of Heaven,' — ' coelorum per- 
rumpere clatistra.* 

t This refractor, made by Messrs. Merz and Mahler of Munich, has an aperture of 
twelve inches, its focal length being 17^ feet Under favourable atmospheric condi- 
tions it will bear a magnifying power of 1200. 
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ring was open to its full extent, the division in the outer ring 
was seen by many observers ; and it is therefore probable, though 
not absolutely certain, that it is a permanent division in the rings. 
The other traces of division that have been seen from time to time, 
have only been traceable through short arcs, and have not long 
continued visible. Those seen by dififerent observers, or by the 
same observer at different times, have occupied, different positions, 
and have belonged to different circles. If each division thus de- 
tected were considered as a satisfactory indication of a perma- 
nent division through a complete circumference, it would follow 
that the system consists, not of two or three, but rather of thirty 
or forty separate concentric rings. Strange as such a conclusion 
might appear, and manifold as are the conditions of instability the 
complexity of such a system would introduce, we should have no 
resource (on the assumption of the solidity of the. rings) but either 
to accept this solution of the question, or else to reject the 
testimony of most accurate and skilful observers — of such men as 
Encke, the Struves, Captains Kater and Jacob, Mr. Dawes, and the 
astronomers of the CoUegio Romano. The telescopes, also, through 
which these divisions have been repeatedly seen, have been among 
the most celebrated instruments of modern times. These appear- 
ances are examined and explained in Chapter V. 

On September 19th, 1848, an eighth satellite was discovered by 
Bond, at Cambridge, America, with the Harvard refractor,* and 
by Lassell at Liverpool, with his great reflector. The orbit of this 
satellite lies between the orbits of Titan and of the outer satellite, 
so that it is the seventh in order of distance from the planet. It 
completes a revolution in rather more than 21 days — at a distance 
of about 919,000 miles from Saturn's centre. f Judged by its bril- 

♦ This celebrated instrument has an aperture of 14 J inches, and a focal length of 21 
feet. It will bear a magnifying power of 2000. The telescopes of Pulkova and Grreen- 
■wich are of the same dimensions, and manufactured by the same opticians, Messrs. 
Merz and Mahler of Munich. 

t A law simlar to that known as 'Bode's Law of the Planetary Distances,* may be 
traced in the distances of Saturn's satellites from their primary. Thus, if to each of 
the series of numbers, 0, 1, 2, 4, 8, 16, 32, 64, we add 4, the resulting series corre- 
sponds in a remarkable manner with a series representing in order the distances of the 
eight satellites of Saturn from their primary (calling the distance of the first satellite 
4). The following table presents these relations synoptically : — 
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liancy, it is probably the smallest of the system of satellites attend- 
ing on Saturn, and presents in this respect a striking contrast to 
the two satellites between whose orbits it revolves. It has received 
the name of Hyperion. 

Two years later a most remarkable discovery was made. A third 
ring, inside the two others, and of a singular appearance, was dis- 
covered on November 15th, 1850, by Bond, and a few days later 
(but independently) by Dawes and Lassell in England. This 
ring is not bright like the others, but exhibits a dusky, almost 
purple tinge ; and through itf the undistorted outline of the planet's 
disc can be distinctly traced. The inner edge of this dark ring is 
concentric with the edges of the other rings, its outer edge ap- 
pearing in general to coincide with the inner edge of the neigh- 
bouring bright ring. Mr. Dawes has remarked, however, that this 
is not always the case, — that the dark ring at times appears to be 
separated from the bright ring by a distinctly marked interval. 
This accurate observer considers, also, that the dark ring is 
occasionally divided into two or more concentric rings. 

Perhaps the most remarkable circumstance connected with this 
mysterious formation is the fact that it was not discovered sooner. 
Had it existed in its present state in the time of the elder Herschel, 
it would have presented a marked appearance in his great reflector. 
For although the telescope with which Bond discovered the dark 
ring probably exceeds Herschel's reflector in power (though in- 
ferior in size), yet in this telescope it was so distinctly and easily 
visible, that its detection obviously taxed but lightly the powers of 
the instrument.* The reflecting telescope of Lassell is probably 
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In the three outer satellites there is some irregularity, corresponding with the breach of 
Bode*s law in the case of Neptune. 

* It is worthy of notice that Bond discoyered this ring on a night, in other respects 
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little, if at all inferior in defining power to Herschel's great 
reflector; and Mr. Dawes' extraordinary vision supplements the 
powers of his telescope ; but the same remark applies : — the dark 
ring is easily visible with both instruments. Further, soon after 
its discovery, this ring was found to be visible with telescopes 
far inferior in power to many that had been repeatedly directed to- 
wards it without discovering it ; and, as the rings opened more 
and more, the dark ring became so conspicuous that it was visible. 
Professor Nichol asserts, in a good achromatic of /our inches aper^ 
lure. That the dark ring existed in Herschel's time is obvious 
from drawings of his, in which a belt is marked on the planet so 
exactly concentric with the edges of the bright rings, that it can be 
no other than this formation, mistaken by the astronomer for a belt 
on the body of the planets That it was far less conspicuous in his 
day than at present is obvious from the fact that he so mistook 
its nature, though using so powerful an instrument as his great 
reflector. 

Another remarkable circumstance connected with this ring is its 
increase in width since the time of its discovery. The measure- 
ments of the best observers of the day seem to leave no doubt Of such 
an increase, the causes of which will presently be examined. 

In the spring of 1856, when the ring was open to its greatest 
extent, Mr. Bond observed a singular darkening of those parts of 
the inner bright ring which lie nearest to the' extremities of the 
apparent longer axis of the dark ring. These dark spaces, as re- 
presented by Mr. Bond, are bounded by well defined outlines, 
forming parts of an ellipse concentric with the other elliptical 
outlines of the rings, but of greater eccentricity. While the semi- 
major axis of this ellipse exceeds the semi-major axis of the 
outer boundary of the dark ring by about one third of the breadth 
of the inner bright ring, its minor axis is not greater than that of 
the inner boundary of the dark ring. Thus the outlines of these 
dark spaces meet the outer boundary of the dark ring in acute 
angles, at lour different points. In pictures of the planet and 
rings taken at about the same time by other observers, correspond- 

favourable for astronomical observation, but so hazy that only the brightest st^s were 
visible to the naked eye. 



TELESCOPIC DISCOVERIES. t)5 

ing dark spaces are exhibited, but the darkening is not bounded 
by a defined outline.* A similar darkening of the outer bright 
ring, near the extremities of the major axis of the great division, 
^Iso appears in several pictures of the planet taken at this 
time. These dusky regions have been termed * the shadows on 
the ring,' a term not very well chosen, as will presently appear. 
Figs. 2 and 3, Plate I., exhibit the general appearance of these daik 
spaces rf their nature is discussed in Chapter V. 

In the years 1855, 1856, and 1857, Messrs. Bond and Dawes 
were occasionally able to trace dusky, ash-coloured, and mottled 
stripes, concentric with the outlines* of the rings. These were 
not always visible, however ; they reappeared along different circles 
on the "rings' surface; and, in fact, were as variable and mysterious 
as the dark traces of division. 

A singular discovery was made by Mr. Wray during the disap- 
pearance of the ring in the winter months of 1861-62. Observing 
Saturn on December 17th, 1861 (when the dark side of the ring was 
turned towards the earth), with an achromatic of only seven inches' 
clear aperture (with which he expected to be able to detect no 
trace whatever of the ring), Mr. Wray was surprised to find the 
illuminated edge of the ring distinctly visible, ' not only where it 
crossed the dark shade on the body,:^ but also extending on each side 
of the planet's margin.' Continuing his observations, he was led 

* The same phenomenon is indicated in Plate I. of the first edition (1833) of Sir 
John Herschel's ' Outlines of Astronomy.' 

t Mitchel, with a less powerful instrument than Bond used, saw these spaces less 
satisfactorily. He writes, • I have sometimes been confident that the breadth of the 
dusky ring at the extremities of its longer axis was much greater than that which 
would be due to an elliptical figure concentric with the bright rings.* 

I It seems clear, however, that what Mr. Wray has described as * the edge of the 
ring crossing the dark shade on the body,* was a strip of the planet's surface. For, at 
the time of this observation, the earth was on the northern or dark side of the ring, and 
therefore, in an inverting telescope, the bright edge of the ring must have been the 
upper boundary of the dark surface ; and the sun being on the southern side of the 
ring, the shadow of the ring was north of the ring, or, in an inverting telescope, below 
the ring. Both the dark stripes being below the bright edge of the ring, of course 
this edge could not be seen between them. But the sun being much more elevated 
above the plane of the ring on one side of it than the earth on the other, it is dear 
that a strip of the planet's surface must have been visible between the two dark 
stripes, and it is this strip (I imagine) which Mr. Wray mistook for the rim of the 
ring. Mr. Wray's sketches do not, it is true, accord very well with this explana- 
tion ; but it is possible that, in drawing these figures (which he expressly describes 

F 
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(Dec. 23id) to suspect that the edge of the ring was ^ thicker and 
somewhat nebulous about the region on either side, where it joins 
the planet's limb.' Finally, on Dec. 26th, he completed the dis- 
covery of certainly the most singular phenomenon detected in the 
appearance of the - rings, since the discovery of the dark ring. 
The atmosphere being fine, and * the image of Saturn exquis- 
itely steady and well defined,' he observed * a prolongation of 
very faint light stretched on either side from the dark shade on the 
ball, overlapping the fine line of light formed by the edge of the 
ring, to the extent of about one-third of its length, and so as to 
give the impression that it Was the dusky ring, very much thicker 
than the bright rings, and seen edgewise, projected on the sky.' He 
saw this faint overlapping light on four other occasions, in January, 
1862. M. Otto Struve, using the magnificent refractor of Pulkowa, 
rediscovered these singular appendages when the plane of the ring 
was passing through the sun, in May, 1862. M. Struve observed 
that 5^ hours before the computed time of this passage (which took 
place on the 18th of May, at 8h. 30m. a.m.), one ansa of the ring 
was plainly visible; and on the 19th of May he was able to trace the 
luminous appendages along the ansae. He had seen them less dis- 
tinctly on May 15th, when they appeared only on the southern (or, in 
an inverting telescope, the upper) side of the ansae. He describes 
them as resembling ^ clouds of a less intense light lying on the ansae.' 
On May 19th, they appeared to him to * differ much in colour from 
the ordinary colour of the ring ;' to be, * not yellow, but more of a 
livid colour, brown, and blue.' Later, he saw them still more 
favourably; they appeared unequal in length along the two ansae; 
extending on one side to a distance equal to about two-fifths of the 
planet's diameter, on the other half as far again ; the breadth ' of 
these appendages increased in the neighbourhood of the planet, 
giving them the form of sharp wedges.' 

as rough), he was more careful in giving the details of the appearances which the 
sketches were meant to illustrate, than the outlines of the thin lines of light visible 
across the disc, and on either side of it. 

In Chapter IV. the reader will find a complete account of the disappearances and re- 
appearances of the rings in the years 1861-1862. 

* The observations of Wray and Struve are recorded in the * Reports of the Astro- 
nomical Society/ for January, 1863, from which the above extracts are-taken. 
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Mr. Carpenter, using the Greenwich equatorial, observed Saturn 
on the same days as M. Otto Struve, without detecting these appear- 
ances. It may therefore be concluded that they are so little 
conspicuous, that a slight difference in atmospheric conditions 
affects their visibility. The earth was on the southern side of 
the rings throughout the observations of M. Struve, and raised 
more than five times as high above the plane of the rings as it 
had been during the observations of Mr. Wray; it was also 
nearer to the rings. On the other hand, the sun, which through- 
out the observations of M. Struve was nearly in the plane of the 
rings, was raised from 1° 50' to 2** 16' above that plane during 
Mr. Wray's observations. The discrepancies between the two 
accounts are not greater than we might expect from this difference 
in the circumstances under which Saturn was observed. The pro- 
bable nature of these appendages will be considered in Chapter V. 

On March 26th, 1 863, Mr. Carpenter made an observation of some 
interest. When Saturn was passing across the field of view of the 
transit-circle of the Greenwich Observatory, it appeared to him *that 
the dark space between the ring and the ball was much contracted.' 
Upon looking at Saturn with the equatorial, he ^ found that this arose 
from a great increase in the brightness of the dusky ring, which 
appeared nearly as bright as the illuminated ring, and might easily 
have been mistaken for a part of it.'* At the time of this observation, 
however, the earth was raised about 4° 23', the sun less raised above 
the plane of the ring ; thus it is clear from the laws of refraction 
and reflection of light at the surfaces of transparent media, that 
the dark ring, whether we consider it to be a semi-transparent 
solid or fluid, would not, at the time of this observation, differ 
greatly in brightness from the outer rings. The results of Chapter V., 
however, will be found to afford a more probable explanation, both 
of the nature of this ring, and of the cause of its brightness when 
viewed at small angles. 

Lastly, two observations by Mr. Dawes, rather singular than 

particularly valuable, are recorded in the February number of the 

* Astronomical Eeports' of the year 1863. He observed the transit 

of the shadow of Titan (the largest and brightest satellite) across 

* * Eeports of the Astronomical Society/ April, 1863. 

t 2 
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the disc of Saturn ; and * an eclipse of Titan itself in Saturn's 
shadow : ' the former a rare, the latter, in Mr. Dawes' opinion, an 
unique phenomenon. 

Among telescopic discoveries may be classed the measures that 
have been taken of the planet's polar and equatorial diameters, of 
the diameters of the various rings, and of the orbits of the eight 
-satellites. The absolute measures, and even the proportions be- 
tween the several dimensions obtained by different observers, vary 
considerably. The following are the dimensions of the rings as 
given respectively by Hind* and Struve : — 

Exterior diameter of outer ring . 
Interior diameter of outer ring . 
Exterior diameter of inner ring . 
Interior diameter of inner ring . 
Breadth of outer ring . 
Breadth of inner ring . 
Breadth of division between the rings 
Breadth of the system of bright rings 
Space between planet and rings . 
Equatorial diameter of planet 

Struve's measures were probably taken at a later period than 
those adopted by Hind (? Bessel's). 

The most remarkable feature, at first sight, in the comparison of 
the two tables, is the excess of every measure but one in Struve's 
table over the corresponding measure in Hind's. This excess wrll 
not appear so remarkable, however, when it is considered that, at 
the immense distance to which Saturn is removed from us, a space 
of about 4,240 miles corresponds to an angle of one second 
of arc. t The single measure of Hind's table which exceeds the 
corresponding measure of Stjuve's, marks a more significant dis- 
crepancy. Thus the breadth of the system, which is given by 
Hind as only 27,500 miles, Struve estimates at 29,539 miles ; yet 
the space between the planet and the inaer edge of the inner bright 
ring is given as 19,250 miles by Hind,* or 160 miles greater than 

* Superintendent of the ' Nautical Almanac* 

t That is, about ji^th part of the angle subtended by the moon's apparent diameter 
(mean). Even in the most powerful telescopes an arc of 1'' of a great circle of the 
celestial sphere appears a very small space ; so that a double star whose components 
are :Jth or j-rd of a second apart, severely tetits their defining powers. 
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the corresponding measure of Struve. In other words, while 
Hind gives the ratio between the breadth of the system of rings 
and the breadth of the space between the rings and planets as 
10 : 7 exactly, Struve determines the same ratio as somewhat less 
than 10 : 6 J. Such a discrepancy is not likely to be accidental ; and 
it becomes still more significant when we compare the ratios just 
given with the corresponding ratios obtaiaed by Huygens in the 1 7th, 
and by Herschel near the end of the 18th century. As already 
mentioned, these were respectively 10 : 10 and 10 : 8. Thus it 
would appear that from the first discovery of the rings to the pre- 
sent time, the ratio of the breadth of the rings to the space between 
the rings and planet has been continually increasing. As it does 
not appear that any perceptible change has taken place in the ex- 
terior diameter of the outer ring, it would follow that the rings have 
been continually spreading inwards. The absolute increase in the 
breadth of the rings, and the probable cause of this singular phe- 
nomenon; will be discussed in Chapter V. 

At the time of the first discovery of the dark ring, its breadth 
was variously estimated — the lowest estimate being 6,000 miles, 
the highest not exceeding 8,000 miles ; later, this ring appears to 
have grown broader, and the latest estimates of its breadth vary 
from 8,000 to 10,000 miles. 

The compression of Saturn's globe has not been satisfactorily de- 
termined. It is usually given as -^th; that is, the polar diameter 
is considered to be less than an equatorial diameter by about ^i^th of 
such diameter. Herschel, on the other hand, considered the com- 
pression less than ^i^-th ; Hind gives it as about ^^th ; and in the 
'Nautical Almanac' it is assumed to be the same as the com- 
pression of Jupiter's globe, or about j^th. It is obvious that if 
the compression of Saturn's globe were accurately known, as well 
as the proportions of his equatorial diameter to the internal and 
external -diameters of his rings, then the exact appearance of the 
system at any moment could be readily determined. We should 
only have to calculate (from the known orbits of Saturn and the 
earth about the sun) the elevations of the sun and the earth above 
the plane of the ring: these being known, the figure of the 
rings, the position of their shadow on the planet, and the position 
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of the planet's shadow on the rings, are simply matters of calcula- 
tion. Now it happens that if either of the tables given above be 
applied to such a calculation, the moment chosen being that at 
which the earth attains its greatest elevation above the plane of the 
ring (as in March, 1856), the calculated appearance of the system 
does not correspond with pictures taken at that time with the most 
powerful telescopes, unless we suppose Saturn's globe to be miich 
more compressed than the best observers have considered it. For 
in these pictures the dark division on the ring is visible above the 
edge of the planet's disc (in a picture taken by Bond with the 
Harvard refractor nearly the whole breath of the division is thus 
visible), and it can readily be shown that, for the outer boundary 
only of this division to appear just touching the disc at its highest 
point, the compression of Saturn's globe should be nearly -J^th 
if Hind's measures are correct, and neaily J^th if Struve's measures 
are correct. It is impossible to suppose so many observers deceived 
in a matter of such simplicity as the visibility or non-visibility of 
the great division above the disc of the planet ; on the other hand, 
it is equally improbable that the compression of Saturn's globe 
should be so great as -^th or |th. It seems more likely that some 
of the measures given above are erroneous. The measures in 
Tables III. and IV. (Appendix II.) have been adopted as the best 
average dimensions of the rings and planet. Assuming these 
measures to be correct, and that the compression of Saturn's globe 
is about ^th, the system of rings, when open to their greatest 
extent, would present the appearance shown in fig- 3, Plate I. ; and 
this appearance corresponds very well with pictures taken by the 
best observers.* 

The thickness of the ring is a quantity too small to be made 
the subject of measurement, at the immense distance to which 
Saturn is removed. When the edge of the ring is turned to 
the observer, the ring appears, in the most powerful telescopes, 

* The measures of the planet's equatorial diameter, of the exterior diameter of the 
outer ring, and of the inner diameter of the inner ring, adopted in the * Nautical 
Almanac,' are respectively 76,000 miles, 173,430 miles, and 115,330 miles. The two 
first dimensions correspond closely with those I have adopted ; the last belongs, as we 
have seen, to a variable quantity. The compression of Saturn's globe is, however, cer- 
tainly greater than ^th, the amount adopted In the * Nautical Almanac.* 
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{bs an inconceivably delicate line of light. Beside it, the fila- 
ments of a spider's web across the field of view of the tele- 
scope look like cables. Sir William Herschel considered that 
the thickness of the rings certainly does not exceed 250 miles, 
but of their actual thickness even his great reflector gave no 
indication. Sir John Herschel considers that the rings are cer- 
tainly not more than 100 miles thick. Bessel, of Konigsberg, 
calculated the mass of the rings, from their eflfect in disturbing 
the motion of Titan's line of apsides. He found that their mass 
must be about pf-ath part of the mass of the planet. As we have 
no means of determining the ratio which the mean density of the 
ring bears to the density of Saturn's globe, Bessel's calculation does 
not enable us to determine certainly the thickness of the system. 
If we suppose the mean density of the rings to be about equal to 
the mean density of Saturn's globe, then it follows, from Bessel's 
determination of the mass of the rings, that their thickness does 
not greatly exceed 100 miles — about g^th part of the breadth of 
the system. An idea of the proportions of the system may be 
readily obtained Hby cutting a ring of stout writing paper, whose 
exterior diameter shall be 2 inches, and its breadth half an inch. 
If such a ring be shaded on both surfaces across a breadth of nearly 
|th of an inch from its inner edge, and a dark circle about /^th of 
an inch in breadth be described on both sides of the paper at 
rather more than ^th of an inch from the outer edge, a tolerably 
exact conception may be formed of the dimensions of Saturn's 
ring-system.* 

The distances at which the satellites of Saturn revolve have 
already been mentioned. I shall close the series of telescopic dis- 
coveries in the Saturnian system by showing how Saturn's mass 
and density may be determined from the observed distance of one 
of his satellites — selecting for this purpose the satellite Titan, the 
first discovered, and largest of the system. 

We have the following data for the solution of our problem : — 

* The dimensions of the rings in Plate XII. correspond to a thickness far less than 
that of the paper on which they are engraved, even if we suppose the thickness of the 
rings to be 250 miles. On the scale of Plate I. the thickness of the rings would pro- 
bably be represented pretty exactly by the thickness of the paper. 
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The moon revolves round the earth in 27*32 166 days, at a dis- 
tance of 238,767 miles; Titan revolves round Saturn in 15*94543 
days, at a distance of 759,990 miles. We may, for our present 
purpose, consider both orbits as circles described with uniform 
velocity. 

First, let us consider what proportion Saturn's mass should bear 
to that of the earth, that a satellite at Titan's distance should move 
with the same velocity as the moon. This imaginary Titan would, 
of course, be longer than the moon in completing a revolution, in 
he proportion that the radius of its orbit bears to the radius of the 
moon's orbit. Hence it follows that the attractive force by which our 
pseudo-Titan would be retained in its orbit is less than the earth's 
attractive force on the moon, in the proportion of the moon's dis- 
tance from the earth to Titan's distance from Saturn. For the direc- 
tion of the moon's motion is altered through four right angles 
while she completes one revolution, and so of Titan ; and the former 
period is less than the latter, and therefore (since the velocities are 
equal) the deflecting force in the former case greater than in the 
latter, in the above-named proportion. Now, if Saturn's mass were 
equal to that of the earth, his attractive force at Titan's distance 
would be less than the attractive force of the earth at the moon's 
distance, in the inverse proportion of the squares of those distances ; 
whereas we have seen that for the false Titan to move as supposed, 
the former force should be less than the latter in the inverse pro- 
portions of the simple distances. Thus, if Saturn's mass were equal 
to that of the earth, his attractive force would be too small ; and, 
it is perfectly clear that for Titan to move in the manner imagined, 
Saturn's mass must exceed that of the earth in the direct proportion 
of the distances of Titan and the moon from their respective 
primaries ; the diminution of attraction in the proportion of the 
squares of the distances thus leaves Saturn's attractive force less 
at Titan's distance, than that of the earth at the moon's distance, 
in the required proportion. 

Now let us take into account the difference in the orbital velo- 
cities of the real and false Titans. In the first place, it is clear that 
since the actual Titan moves more rapidly than the imaginary Titan^ 
a greater deflective power is necessary to alter the direction of Titan's 
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motion through a given angle in a given time, than would be 
requisite in the case of the imaginary Titan. And in the case of 
circular orbits uniformly described, it is easily seen that the former 
force should exceed the latter in the direct proportion of the velo- 
cities of the real and false Titans respectively. But the direction 
of the motion of Titan is moved through a given angle in less time 
than that in which the direction of motion of the false Titan is so 
moved ; for it is deflected through the four right angles while Titan 
is completing one revolution, and he accomplishes this in less time 
than the imaginary Titan in the inverse proportion of their respec- 
tive velocities (since their orbits are equal). The attractive force, 
then, which would have had to be greater on the real than on the 
imaginary Titan in the proportion of their velocities, if their deflec- 
tions were equal in equal times, must, in the actual case, be greater 
in the proportion of the squares of their velocities. Thus the mass 
obtained, on our first hypothesis, by increasing the mass of the earth 
in the proportion of the distances of Titan and the moon from 
their respective primaries, must be still further increased in the pro- 
portion of the square of Titan's velocity to the square of the moon's 
velocity. This could be readily effected from the data given above ; 
but the calculation will be simplified if we consider that the velocity 
of a body revolving in a circle varies directly as the radius of the 
circle, and inversely as the period of revolution. Thus, to obtain Sa- 
turn's mass, the earth's mass must be increased as the cubes of the dis- 
tances of Titan and the moon, and the result increased as the squares 
of the periods of revolution of the moon and Titan.* Hence, 

Saturn s mass = the earths mass x (^ss^ygyj ^15^94543 J 
=s the earth's mass x 94*6766. On several accounts this result re- 
quires modifying, however. The moon's mass bears an appreciable 
(though small) proportion to the mass of the earth, and, strictly 
speaking, it is not about the earth that the moon revolves, but about 

* Thus, — ^let dj d be the respective distances of the moon and Titan from their pri- 
maries ; Vy V their respective orbital velocities ; p^ p their respective periods : then the 

mass of Saturn = the mass of the earth x -t— ; ; but - = - -f- - = -^ ; thus the mass 

dv^ V -B p dv 

of Satum=the mass of the earth x t^. 
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the centre of gravity of the earth and moon. Again, Titan's mass 
bears an appreciable (though very small) proportion to that of Sa- 
turn ; the masses of the rings and of the seven other satellites disturb 
Titan's motion ; and other such considerations have to be taken into 
account But a more important circumstance than any of these is, 
that the attraction of the sun operates, on the whole, to diminish 
the earth's attraction on the moon ; and thus to increase the moon's 
mean period of revolution about the earth. Taking these considera- 
tions into account, it appears that Saturn's mass is about 91 '433 
times as great as that of the earth. 

Saturn's volume exceeds that of the earth in the proportion of 
the squares of their respective equatorial diameters, multiplied by 
their respective polar diameters. Thus, Saturn's volume = the earth's 

volume X (l^^Vf^^^) =tlie earth's volume x 691-362. Now 
V 7924 / V 7898 / 

we have seen that Saturn's mass is only 91*433 times a« great as 
that of the earth. Hence Saturn's density is less t^an that of the 
earth in the proportion of 91*433 to 691-362. If we call the 
earth's mean density 1, then the mean density of Saturn is -1323 
The mean density of the earth is about 5^ times as great as the 
density of water. Or, more exactly, if the density of water be 
called 1, the mean density of the earth is 5*6747'. Thus Saturn's 
mean density (if the density of water be called 1) is only '7505; 
or about equal to the density of oak ("75), and very little greater 
than the density of sulphuric ether ('72).* It will be shown, how- 
ever, in Chapter VII., that the materials of which Saturn is com- 
posed are not necessarily different from those constituting our earth. 
The relative proportions of Saturn and his rings, and of the 
smaller members of the solar system, are exhibited in Plate I. 
The dimensions of the satellites must be considered merely as 
guesses, founded on their relative brightness ; no actual measure- 
ments have yet been made of these bodies. On the same scale the 
distances of the satellites would be respectively 2j-in., 4|-in., 5 j^^in., 
6^in., 9fgin., 1ft. 9in., 2ft. l^in., and 5ft. l^in. The relations of 

* Sir John Herschel, in his * Outlines of Astronomy/ remarks that Saturn * must be 
composed of materials not much heavier than cork.' The density of cork, however 
(water as 1), is only '24; Saturn's mean density is more than three times as great. 
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these orbits are exhibited on smaller scales in Plate VIL The dis- 
tance of the moon from the earth, on the scale of Plate L, is 6*6 
inches, corresponding very nearly to the distance of the figure 
representing Saturn's eighth satellite from the figure of the earth. 
On the same scale the diameters of Uranus and Neptune would 
each be rather less than 1 inch, and the diameter of Jupiter rather 
less than 2 J inches, while the diameter of the sun would fall short 
of 2ft. by less than half an inch. Again, on the same scale the 
mean distance of the earth from the sun would be nearly half a 
mile, and the mean distance of Saturn from the sun more than 4^ 
miles. From these relations the reader will see : — first, how in- 
significant are the dimensions of our earth compared with those of 
the larger members of our system ; secondly, how small even these 
globes appear when compared with the sun ; and lastly, how minute 
are the propoi-tions even of that gigantic globe when compared 
with the distances at which his attendant orbs revolve around him.* 
Only the most powerful telescopes exhibit (under favourable 
atmospheric conditions) the complete series of phenomena described 
in this chapter. The two inner and the seventh satellites of Saturn 
are especially difficult objects. Mr. Wray records, however, that 
Mimas and Enceladus were visible in December, 1861, (when the 
dark side of the ring was turned towards the earth,) with his achro- 
matic of only 7 inches clear aperture. The third, fourth, and fifth 
satellites are not very difficult objects. The fifth is slightly brighter 
than the other two ; but all three are visible with a good achro- 
matic of 4 inches aperture, the atmosphere being clear and steady.f 
The sixth and eighth can be readily detected with telescopes of 

* When we compare the dimensions and orbits of the satellites with the diameters 
of their primaries, we do not find the same nniformity of disproportion. Thus, while 
the satellites of Jupiter and Saturn are mere atoms compared with their primaries, the 
volume of the earth does not exceed that of the moon more than fifty-five times ; on 
the other hand, while the three outer satellites of Saturn, the outer satellite of Jupiter, 
and our own moon, revolve at distances from their respective primaries compared with 
which the diameters of those primaries appear veiy small, the same is not true of the 
other satellites of Saturn and Jupiter. The three inner satellites of Saturn revolve in 
orbits of very moderate dimensions, the mean distances of all falling within five and a 
half semi-diameters of Saturn. 

t Wargentin relates that he saw the five brightest satellites with an achromatic of 
10 feet focal length. On December 10th, 1793, Sir Wm. Herschel saw them with a 
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moderate power, Japetus requiring a power of 100, and Titan being 
easily visible with a powfer of 80. In general, Japetus must be 
sought for at a considerable distance from the disc of his primary. 

The lowest power with which the rings become visible (as such) 
is about 50.* A power of 150 is required to exhibit them with 
distinctness. The division between the rings can be seen with a 
power of 200, when the rings are open to nearly their full extent 
and viewed under favourable conditions. Under the same circum- 
stances, the dark ring may be seen, as already mentioned, with a 
good achromatic of 4 inches aperture. The division in the outer 
ring and the variable divisions are only visible with a few of the 
finest reflectors and refractors in the world. 

The belts on the surface of the planet are visible, under favour- 
able atmospheric conditions, with a good achromatic of 4 inches 
aperture. In general, however, they require telescopes of greater 
power to reveal their outlines with distinctness. 

No object in the heavens presents so beautiful an appearance as 
Saturn — viewed with an instrument of adequate power. The 
golden disc, faintly striped with silver-tinted belts ; the circling 
rings, with their various shades of brilliancy and colour ; and the 
perfect symmetry of the system as it sweeps across the dark back- 
ground of the field of view, combine to form a picture as charming 
as it is sublime and impressive. 

power of 60 applied to a reflector of 10 feet focal length. They can be detected, how- 
ever, with smaller instruments. I have repeatedly seen all five with perfect distinct- 
ness through an achromatic of 4 inches aperture, and 5 J feet focal length. 

* Since the diameter of Saturn when in opposition is about 19"*2, a power of 50 
presents him to the eye with an apparent diameter of 16', — rather greater than the mean 
apparent semi-diameter of the moon ; and it might at first sight appear that when the 
planet has so great an apparent diameter, the rings must be conspicuously visible. 
Such is not the case, however ; and, in fact, this method of estimating the appearance 
of the magnified disc of a planet is altogether deceptive. The disc really appears of 
the dimensions calculated; but, in the first place, the apparent size of the moon is 
over-estimated by the unaided eye ; and, secondly, when we so view the moon, its disc 
is not perceptibly distorted by atmospheric undulations, whereas these undulations are 
all magnified fifty-fold when we use a telescopic power of fifty, and the disc of a 
planet so viewed is correspondingly distorted. If to these considerations be added 
the diflference in the illumination of Saturn and of the moon, (see Chap, VII.), and the 
loss of light by reflection at the surfaces of the lenses and by absorption in passing 
through them, it will readily be seen that an observer who should found his expectations 
on such a calculation as that given above, would be altogether disappointed by the view- 
he would actually obtain of the planet. 
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CHAPTER IV. 

THE PERIODIC CHANGES IN THE APPEARANCE OF SATURN's SYSTEM. 

In describing his orbit about the sun, Saturn retains the direc- 
tion of his polar axis (or axis of rotation) unaltered, or very nearly 
so. As in the case of the earth, there are small motions of this axis, 
owing to which, in the course of many thousands of years, the poles 
of the Saturnian heavens travel with an undulatory movement 
round two opposite small circles of the celestial sphere ;* but 
so far as a single revolution about the sun is concerned, we may 
consider the polar axis of Saturn as retaining its direction abso- 
lutely unchanged. This axis is inclined at an angle of 63® 10' 32^' 
to the plane of Saturn's orbit — in other words, the plane of Saturn's 
equator is inclined at an angle of 26** 49' 28^' to the plane in 
which Saturn moves. I propose, in this chapter, to consider the 
effect of this inclination in producing changes of appearance in 
Saturn's rings and disc, and in modifying the apparent orbits of 
his satellites ; leaving to a future chapter the consideration of the 
variations —due to the same cause — in the Saturnian seasons, and 
in the appearance of the rings to the Saturnians. 

* The complete revolution of Saturn's vernal equinox occupies upwards of 412,080 
years, the annual precession of his equinoxes being 3"' 145. The right ascension of 
the north pole of the Saturnian ecHptic is 18h. 23m. 317s.; and the declination 
67° 22' 20"N. The poles of the Saturnian heavens revolve in two small circles, 
having this point and the opposite point on the celestial sphere for their respective poles, 
the angular radius of each smaU circle being 26° 49' 28". 

At present no conspicuous star lies near either pole of the Saturnian heavens. The 
right ascension of the northern pole is 2h. 23m. l^s., the declination 82® 52' 36"; this 
pole, therefore, lies near the northern foot of Cepheus, and nearly 6° from the polar 
star ; the nearest visible star is 2 Ursse minoris of the fifth magnitude — ^about 3° from 
Saturn's north pole. Saturn's south pole lies in the constellation Octans, and less than 
1° from the star 8 Octantis of the fifth magnitude. An with the earth, the conspicuous 
stars, a Draconis and a Lyrae (the brilliant Vega) are possible north-polar stars for 
Saturn, and * Argiis is a possible south-polar star ; but many centuries must elapse be- 
fore any of these stars will occupy such positions. 
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The plane of the rings coincides in general with the plane of 
Saturn's equator, but is subject to oscillatory movements, whose 
extent and period have not yet been determined. Such oscillations 
will not be taken into account in considering the general changes 
of appearance presented by the ring, as, following the planet, it 
sweeps on its path round the sun. 

In fig. 1, Plate VIIL, let n p n'm be Saturn's orbit, e e'e' V^ the 
orbit of the earth about s, the sun ; let n s n' be the line of nodes 
of Saturn's orbit on the ecliptic, 8 being the ascending, and 23 the 
descending node ; suppose, also, that n q n'r represents the projec- 
tion of Saturn's orbit on the plane of the ecliptic. The longitude of 
the ascending node of Saturn's equator — and therefore the mean 
longitude of the ascending node of his ring — on the ecliptic, is at pre- 
sent 167** 43' 29^ while the longitude of the point n is 112° 29' 18": 
so that if we draw the line q s R inclined to s N at an angle of 
56° 14' 11", Q s R is the direction of the line of nodes of the ring's 
plane on the ecliptic. It is not actually the line of nodes, since 
that moves with the ring; but wherever the ring may be on 
N p n'm, the line in which its plane intersects the ecliptic is pa- 
rallel to Q s R ; and twice in each revolution of Saturn this line 
coincides with Q s r. Now the plane of the ring is inclined at an 
angle of 28° KX 22" to the plane of the ecliptic ; hence, when the 
line of nodes of the ring's plane on the ecliptic coincides with 
the line Q s r, the plane of the rings intersects the plane of Saturn's 
orbit in the straight line p s iW, such that the plane p s Q is inclined 
at an angle of 28° 10' 22" to the plane of Saturn's orbit. The helio- 
centric longitude of the point p is 171° 43' 35"; the latitude of 
p is 2° 8' 26" N ; and the arc np is 59° 15' 42".* The line p s M 
gives the direction of the line of nodes of the ring's plane on 
Saturn's orbit ; wherever the ring may be, the line of nodes is 
parallel to p s M, and when Saturn is at p or m, the line of nodes 
coincides with the line p s m. 

Let us now trace the motion of the ring through a revolution 
about the sun, starting from the point p. In the first place, let us 
neglect all consideration of the earth's motion in her orbit, and 
suppose the observer to be placed at the sun's centre. 

* The arc from p to q is 4° 32' 16". 
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When Saturn is at P, p s R is the line of nodes of the ring's 
plane on his orbit, and therefore the line of sight, s p, coincides with 
the plane of the ring.* . Thus, when Saturn is at p, the spectator 
at s is looking at the edge of the ring, and it appears to him as a 
fine line of light inclined at an angle of 26° 49' 28''' to the line of 
Saturn's motion — the eastern extremity of the ring being elevated 
— as shown at i, fig. 1, Plate IX. As the ring passes on to posi- 
tion II (fig. 1, Plate VIII.), the line of sight from s becomes more 
and more inclined to the line of nodes of the ring's plane on the 
plane of Saturn's orbit. When the ring is at ii, the line of sight 
from s, inclined at an angle of about 23° to the line ii-viii, passes 
above the nearer, and below the farther half of the ring, and is 
inclined at an angle of 10° 10' to the plane of the ring: — thus 
the appearance of Saturn and his rings is as shown at ii, %. 1, 
Plate IX., the northern side being visible. As Saturn passes on 
through the positions iii and iv to v, the angle between the line of 
sight from s and the line of nodes of the ring's plane on Saturn's 
orbii, increases continually. When Saturn is at iii this angle is 
about 46°, when he is at iv it has increased to about 68° ; and, 
finally, when Saturn is at v it is a right angle, the corresjtonding 
angles at which the line of sight is inclined to the plane of the 
ring being respectively 18° 57', 24° 44', and 26° 49' 28". Thus the 
planet and rings appear as shown at iii, iv, and v, fig. 1, Plate 
IX., the northern side being still visible. At v the ring is seen 
opened to its greatest extent, the division in the ring just appear- 

♦ It must be understood that in fig. 1, Plate VIII., the curve n q n'e is supposed to 
lie in the plane of the paper ; thus the half k p n' of Saturn's orbit lies above, and the 
dotted half n'm n below the plane of the paper. The lower half of each figure of the 
ring is supposed to lie above the plane n p n'm, the upper half lying below that plane ; 
to avoid confusion the figure of the ring is omitted at the points p and m. The lines 
t TTTTT ^, xiv-xn, xv-xi, . . . T v t', represent the line of nodes of the ring's plane on 
Saturn's orbit in different positions ; these lines are parallel to one another, and the 
dotted part of each is supposed to lie below the plane of the paper. The other lines 
through the points 1, 2, 3, ... 1 3 (in which the former set of lines meet the line of 
nodes of Saturn's orbit on the ecliptic), represent the corresponding positions of the 
line of nodes of the rifig's plane on the plane of the ecliptic ; these lines also are 
parallel to one another. The proportions of the rings are greatly exaggerated : on the 
scale of the rings the diameter of the orbit should be more than two miles long ; on 
the present scale of the orbit the sun's diameter would be less than ^ih part of an 
inch, the outer diameter of the rings less than yroo^^ P^ ^^ ^^ ixidh. 
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ing above the edge of Saturn's disc. Throughout these changes 
the apparent major axis of the ring has become less and less in- 
clined to the line of Saturn's motion, until at v it coincides with 
that line. 

As Saturn passes on to the position ix (fig. 1, Plate VIII.) the 
line of sight from s becomes less and less inclined to the line of 
nodes, and the planet and ring pass through the same changes as 
before, but in a reverse order : the northern side of the ring still 
continues visible, but the apparent major axis of the ring now has 
its western extremity elevated above the line of Saturn's motion. 
Thus the planet and rings appear as shown at vi, vii, and viii, 
fig. 1, Plate IX. Finally, when Saturn is at ix, fig. 1, Plate VIII., 
the line of sight, s M, again coincides with the line of nodes, and 
the ring appears as a fine line of light inclined at an angle of 
26° 49' 28'' to the line of motion of Saturn's centre (or as shown 
at IX, fig. 1, Plate IX.). 

As Saturn passes from ix to xiii, he goes through the same 
changes, in the same order, as in moving from i to v. But it is 
plain that the line of sight from s now passes below the nearer and 
above the farther part of the ring ; thus the planet and rings ap- 
pear as shown at x, xi, xii and xiii, fig. 1, Plate IX., the southern 
side being visible. The western extremity of the apparent major 
axis of the rings still continues elevated above the line of Saturn's 
motion until it coincides with that line when Saturn is at xiii. 

Finally, as Saturn moves up to i, the system presents successively 
the' appearances shown at xiv, xv, and xvi, fig. 1, Plate IX., the 
southern side continuing visible, but the eastern extremity of the 
apparent major axis of the ring elevated above the line of Saturn's 
motion.* 

* The mathematical reader will find no difficulty in verifying the following simple 
construction for determining the appearance of the ring — supposed to be viewed from 
the sun. With centre c, fig. 2, plate VITI., describe a circle a e b d, whose diameter 
shall represent the apparent major axis of the ring's outer boundary ; liraw the diame- 
ters A B and B D at right angles to each other ; through c draw c f, so that f c b is an 
angle of 26° 49' 28"; draw f g perpendicular to c d ; with centre c describe the circle 
G Kj K3 K, ; and from c draw lines c k,, c Kj, and c K3. First let k,c b be the angle 
that, at. the moment considered, Saturn has swept out around the sun from the point 
p (fig. 1) of his orbit ; draw k, Lj and k, m, perpendicular to c d and c b respectively, and 
join b l, and d m^. Then c t, is the apparent semi -minor axis of the outer boundary of 
the ring. Further, c b x^ approximately represents the angle at which the line of sight is 
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The variations in the appearance of the system, viewed from 
the earth, are not different from those just described ; but they 
are presented in a less simple succession. Besides the con- 
tinuous increase and decrease in the minor axis of the ring, corre- 
sponding to the motion of Saturn in his orbit, there are changes 
corresponding to the motion of the earth in hers. When the 
line of nodes of the ring's plane on the ecliptic is passing across the 
limits of the earth's orbit, the variations arising from the motion of 
the earth are still more marked, as will presently appear. 

To illustrate the general eflfeots of the earth's motion in modify- 
ing the appeai'ance of Saturn's system, let us trace the motions of 
Saturn and the earth from the conjunction which took place in the 
autumn of 1864, to the conjunction which will take place in the 
autumn of the current year (1865) — neglecting, for the present, 
the departure of the earth from the plane of Saturn's orbit ; that is, 
supposing both orbits to lie in the same plane. The first-mentioned 
conjunction took place on October 14th, 1864, at 3h. 9m. a.m., 
Saturn being at K and the earth at the point in which the line from 
K, through s, meets the orbit e e'e'' (beyond s). If, then, Saturn 
had not been at this time hidden from view by the superior efful- 
gence of the sun, he would have presented the same appearance (on 
a slightly diminished scale owingto increased distance) to the 
observer on earth as to the supposed observer at the sun's centre ; 

inclined to the plane of the ring, and c d M, approximately represents the angle at 
which the apparent major axis of the ring's outline is inclined to the apparent path of 
Saturn's centre. [The true values of these angles are somewhat greater, and are ob- 
tained by describing circles about c as centre, with radii c l, and c m, respectively, and 
drawing tangents to these two circles from the points b and d respectively ; these will 
be inclined to the lines c b and c d, respectively, at the required angles.] Similarly, if 
the angle k^c b, or KgC b (greater than two right angles), represents the angle swept out 
by Saturn about the sun (from p), we can obtain (i,) c l^ or c L3, the semi-minor axis of 
the apparent outer boundary of the ring ; (ii.) the angle c b l^ or c b Xg, at which (approx- 
imately) the line of sight is inclined to the plane of the ring ; and (iii.) the angle c d m, 
or c D Mj, at which (approximately) the apparent major axis of the ring's outline is 
inclined to the line of motion of Saturn's centre. According as the point corresponding 
to Li lies above or below a b, the northern or southern face of the ring is visible, and 
according as the point corresponding to m, lies to the right or to the left of d b, the 
eastern or western extremity of the ring's major axis is elevated above the line of 
motion of Saturn's centre. If c i represents the semi-major axis of any other outline 
of the ring than the outer boundary, then the line corresponding to c Xi represents the 
semi-minor axis of the corresponding outline. 

G 
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for the line from the earth to Saturn is inclined at the same angle 
to P M (or, which is the same thing, to the line through K parallel to 
p m) as the line from the sun. But as the earth moved on in her 
orbit, Saturn moving on slowly in his, the former angle obviously in- 
creased more rapidly than the latter, until Saturn was in quadrature 
preceding opposition (which happened on January 20th, 1865, at 
Oh. 5m. A.M.). At this time the earth was between n and e', Sa- 
turn at k', and the former angle exceeded the latter by about 6°. 
Hence, since the extent to which the rings appear opened obviously 
depends altogether on the angle at which the line from the spec- 
tator is inclined to their plane,* the rings were opening out more 
rapidly to the observer on earth, during the interval from conjunc- 
tion to quadrature, than they would have been to an observer placed 
at the sun's centre. On the other hand, as the earth and Saturn 
move on in their respective orbits to opposition (which takes place 
on April 17th, at Oh. 32m. A.M.), it is plain that the line of 
sight from the earth moves up to coincidence with the line from 
the sun's centre. During the first part of this interval, the rings 
appear to the observer on earth to be opening out, but more and 
more slowly, till in the beginning of February they attain their 
greatest expansion (the line of sight from the earth being then in- 
clined at an angle of about 16° 15' to the plane of the rings). 
After this the rings appear to close, more and more rapidly, till 
finally, when Saturn is in opposition (at iii, the earth being in the 
line from s to iii, near e''), his system presents the same appearance 
(on a slightly increased scale owing to diminished distance) to the 
observer on earth as it would to an observer placed at the sun's 
centre. As Saturn and the earth move on to conjunction, the 
rings continue to close, but more and more slowly, till the 
last week of June (the line of sight from the observer on earth 
being then inclined at an angle of about 13° 40^ to the plane 
of the rings). After this they open out till Saturn is in qua- 
drature, following opposition (which happens on July 16th, at 

* If a figure be constructed as shown in the preceding note, to determine the appear- 
ance of the ring as seen from the earth and from the sun at this time, it will be found 
that the angle at which the line from the earth is inclined to the plane of the ring, ex- 
ceeds the angle at which the line from the sun is inclined to that t)lane, by about 2° 16'. 



PERIODIC CHANGES IN APPEARANCE OP SYSTEM. 83 

Ih. 2m. P.M., Saturn having moved through nearly 2° from iii, 
and the earth being between n' and b'''') ; and thence more rapidly 
till finally kt conjunction, (which happens on October 26th, at 
Ih. 16m. P.M., Saturn being at k'' and the earth not far from e), 
the line from the earth is again coincident with the line from the 
sun to Saturn. It appears, then, that although during nearly five 
months of the synodical revolution considered, the rings will have 
been closing up, yet on the whole they will have opened out by the 
same amount to the observer on earth as to an observer supposed 
to be placed at the sun's centre. 

The departure of the earth from the plane of Saturn's orbit is so 
small compared with Saturn's distance from the earth, even when 
in opposition, that its eflFect in modifying the appearance of Sa- 
turn's rings (as viewed from the earth) is very slight. At opposition, 
when, in general, this efiect is greatest, the opening of the rings 
may be diminished or increased according to the position of the 
line on which opposition occurs. If this line lies within the angles 
N s p or n's m, the opening of the rings is slightly increased : for 
when within the first angle, the earth is below the plane of Saturn's 
orbit, and also below the visible face of the rings, so that the de- 
parture of the earth is from that face ; and, within the second 
angle, the departure of the earth is still from the visible face of 
the rings, for the earth is above that face and also above the plane 
of Saturn's orbit. On the other hand, if opposition occurs within 
the angles psn' or msn, the departure of the earth from the 
plane of Saturn's orbit plainly brings the earth towards the plane 
of the ring ; for within the former angle the earth is below the 
plane of Saturn's orbit, and above the visible face of the rings; and 
within the latter angle the earth is above the plane of Saturn's 
orbit, and below the visible face of the rings : thus the opening of 
the rings is diminished at or near opposition occurring within these 
two angles. The increase or diminution is very small, however, in 
either case, and any change in the opening of the rings when Sa- 
turn and the sun are not in opposition, is in general still less im- 
portant. There is one case, however, which requires to be noticed. 
If the earth moved in the plane of Saturn's orbit, it is clear that 
the rings could never appear more open to the observer on earth 

o 2 
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than they would appear to an observer placed at the sun's centre 
when Saturn is at v or xiii. The opening of the rings would, in 
fact, only actually attain such an extent when opposition happened 
to take place along one of the lines s v or s xiii, — though the dif- 
ference would be inappreciable if Saturn were even in quadrature 
when at v or xiii.* But since the earth moves in a plane inclined 
to the plane of Saturn's orbit, the observer on earth is occasionally 
able to see Saturn's ring slightly more open than it would ever appear 
to an observer placed at the sun's centre. For instance, suppose 
Saturn at or near xiii, and the earth at e (as in the winter of 1855- 
1856); then we have just seen that the earth, being slightly above 
the plane of Saturn's orbit while moving from e to 7i, and below 
the rings' plane, the rings appear less open than they would 
if the earth were in the plane of Saturn's orbit, or than they would 
to an observer at the sun's centre ; but when the earth has passed 
71, and begins to dip below the plane of Saturn's orbit — ^that is, 
away from the plane of the rings — these appear more open to the 
observer on earth than they would to an observer at s. In the 
meantime, Saturn is moving away from that part of his orbit at 
which his rings would appear most open to an observer at s, and 
so far as this motion of Saturn's is concerned, the rings would ap- 
pear to be closing to the observer on earth. The departure of the 
earth from the plane of Saturn's orbit has at first the greater in- 
fluence ; but as it gradually becomes slower and slower the effect of 
Saturn's motion in his orbit begins to show itself, — the rings 
cease to open, and commence slowly to close. Thus, on January 1st, 
1856, the proportion of the minor to the major axis of the ellipse 
presented by the outer circumference of Saturn's ring to the 
observer on earth was '4491 ; on January 15th this proportion 
was -4501 (or very nearly the same as the corresponding pro- 
portion — when the ring is most open — ^to an observer placed at 
the sun's centre); on March 2l8t, this proportion liad increased to 

* The proportion of the minor to the major axis of the ellipse presented by any 
outline of Saturn's ring (say the outer edge) to an observer at s, when Saturn is at v 
or xni is '45015 ; the corresponding proportion in the case of an observer on the earth 
(Saturn being supposed to be then in quadrature to the sun) is '44765. If two ellipses, 
having equal major axes, and minor axes in these proportions respectively, were drawn, 
the minor axis of the first would exceed that of the second by only ^J^th part of the 
major axis of either. 
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•4548 ;* on April 15th it had diminished to -4516, though the earth 
had then attained its greatest distance from the plane of Saturn's 
orbit ; and, finally, when the earth again reached the plane of 
Saturn's orbit at ?/, this proportion had diminished to •4349. 

Let us next examine the phenomena presented when the line of 
nodes of the ring's plane on the ecliptic is travelling across the 
orbit of the earth (b b WQ. It is clear that during this passage the 
plane of the ring must pass once through the sun ; once, at least, 
through the earth ; and (unless those two passages happen to be 
simultaneous) the plane of the ring must lie for a time between the 
earth and the sun. In any one of these cases the ring will be 
invisible except through telescopes of great power : in the first, 
because the sun is shining on the outer edge, and does not illu- 
minate either face of the ring ; in the second, because the edge of the 
ring is turned directly towards the observer on earth ; and in the third, 
because the dark side of the ring is turned towards him. 

It may happen, however, that the plane of the rings will pass more 
than once through the earth during the interval we are consider- 
ing. Let us examine two or three ways in which the passage of the 
line of nodes across the orbit of the earth may take place. To avoid 
confusion the words invisible^ disappearance and reappearance, 
are used without the addition of the words * in ordinary telescopes ;' 
it is to be understood, however, that in telescopes of great power the 
rings are probably never altogether invisible. 

Draw the lines qV. r' and q'Vr'' parallel to Q s R, and touching 
the circle e b'b'^b''' at the points e and e\ respectively : then, when 
the line of nodes of the rings' plane on the ecliptic is in any posi- 
tion between q'r' and q''r'', it passes across the earth's orbit. 
Through the points 5 and 9, in which the lines q' r' and q^'r" meet 
the line N s n', draw p'5 m' and p''9 m'' parallel to p m ; then, when 
the line of nodes is in the position Q^ e r', Saturn is either at p' or 
M^; and when the line of nodes is in the position q'^^V, he 
is either at p" or m^' : thus, whenever Saturn is between the points p' 
and p'', or m' and m'' of his orbit, the plane of the ring intersects 

* At this time the line of sight from the earth to Saturn was inclined at an angle of 
rather more than 27° 13' to the plane of the rings. This is very nearly the greatest 
angle at which it can be so inclined. Saturn's appearance at this time is represented 
in fig. 3, Plat« I. 
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the eaith's orbit. Now each of the arcs pV and mV is slightly 
greater than the diameter of the earth's orbit ; and therefore each 
is approximately equal to one third part of the circumference of 
that orbit. And since Saturn moves along the arcs p^p'' and m'm" 
with a velocity rather less than one third of the earth's velocity 
in her orbit, it is clear that Saturn will occupy rather more time 
in traversing either of the arcs p'p'' or m'm", than the earth in tra- 
velling once round her orbit; in other words, the line of nodes of 
the ring's plane on the ecliptic occupies rather more than a year 
in passing across the earth's orbit. The actual interval is about a 
year and a week for the arc p'p'', and about a year and three weeks 
for the arc m' m'^* 

Now let us suppose that when Saturn is at p' (and the line of 
nodes in the position g'e k'), the earth is at or near n. The earth 
moving on from n^ continues in advance of the line of nodes while 
that line moves up to the position q r. During this time the earth 
and sun are both on the same side (the southern side) of the 
plane of the ring, which therefore is visible during this interval. 
But when the line of nodes has arrived at the position q s r (Saturn 
being at p) the plane of the ring passes through the sun, and the 
ring disappears. After Saturn has passed the point p the sun is on 
the northern side of the ring, and the earth (somewhere between 
ef and n^ on its orbit) is on the southern side of the ring ; the ring 
is therefore still invisible. When the earth, passing on towards h''% 
meets the advancing line of nodes, the plane of the ring passes 
through the earth, and at this epoch the ring is invisible as before. 
But as the earth now passes to the northern side of the ring's 
plane — the sun being also on the northern side of that plane — the 
ring again becomes visible. The earth proceeds to traverse the 
part of E 71 b' of her orbit ; when the earth has nearly reached e' 
Saturn is at p'', or the line of nodes is in the position Q^'e'R'' ; 
thus the earth does not pass again through the plane of the ring, 
whose line of nodes on the ecliptic now passes beyond the range of 
the earth's orbit. 

* The interval is different for the two ares p'p" and m'm" : in the fonner Satnm 
moves with a mean daily velocity of about 2' 3"'4 ; in the latter with a mean daily 
velocity of about 1' 69"*0. Thus the interval for the arc m'm'' is greater than the in- 
terval for the arc p'p", in the proportion of about 23 to 27. 
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It appears, then, that in the case considered, the plane of the 
rings passes only once through the earth ; there is one disappearance, 
and one reappearance of the ring; and for some weeks between 
these events the ring is invisible. 

Again, if we suppose that when Saturn is at p' the earth is at b'^ 
it is clear that in this case also the ring's plane will only pass once 
through the earth : this will take place before Saturn reaches p. 
The plane of the ring will then disappear, and continue invisible 
until the planet passes the point p. After this, the sun being 
on the same side of the plane of the ring as the earth, the ring will 
be visible. 

Further, if the earth is anywhere between n and b''* when Saturn 
is at p', the plane of the ring will pass only once through the 
earth, and there will be one disappearance and one reappearance. 

But now let us examine another case, and as it happens that in the 
years 1861-1862 the rings actually'exhibited the phenomena corre- 
sponding to this case, let us take the actual dates of the disappear- 
ances and reappearances of the ring in those years. When Saturn was 
at the part p' of his orbit, in the autumn of 1861, the earth was ap- 
proaching the point B, and the southern side of the ring was visible. 
On Nov. 23rd, 186 1, at 3 p.m., the earth was atE, Saturn at 2>, and the 
line of nodes of the ring's plane on the ecliptic was in the position 
g 6 E r, so that the plane of the ring passed through the earth : thus 
the ring disappeared at that instant, and the earth passing to the 
northern side of the ring's plane, the ring remained for a time invi- 
sible. On Feb. 1st, 1862, at 3 A.M., the earth was at e', Saturn at p', 
and the line of nodes in the position g^'E'7 r', so that the plane of 
the ring again passed through the earth : thus the ring was invisible 
at that instant; but the earth passing to the southern side of the ring's 
plane,t the ring reappeared. The ring continued visible until 
Saturn arrived at the point p, when the ring's plane passed through 
the sun. This took place on May 18th, 1862, at 8h. 30m. A.M., 
the earth being then at e". The ring disappeared at this instant, 

* And a few degrees beyond these points ; in fact, over the whole of the arc «B'e', 
except about 7° from the points e and ef. 

t Fig. 1, Plate L, represents Saturn a day or two after this reappearance. The 
sun being raised about 1** 38' above the plane of the ring, the shadow is visible as a 
dark line crossing Saturn's disc. 
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the sun illuminating only the edge of the ring. After this, the 
sun being on the northern, the earth on the southern side of the 
ring's plane, the ring continued for a time invisible. Finally, on 
August 13th, 1862, at 4 a.m., the earth was at e''', Saturn at j^'^ 
and the line of nodes in the position g''8 e'' V' ; thus the plane of 
the ring passed through the earth, and the earth passing to 
the northern side of this plane, the ring again became visible. 
When the earth had reached E (that is, in November, 1862), the 
line of nodes had passed to the position q^'^'r'' ; thus the northern 
side of the ring has since continued visible. 

It appears, then, that while the line of nodes of the ring's plane 
on the ecliptic was crossing the earth's orbit in the years 1861-62, 
the plane of the ring passed three times through the earth, that the 
ring disappeared twice and reappeared twice, and continued invisible 
during two intervals, the first of nearly ten weeks, the second of 
twelve weeks. 

If the earth had been at e! when the line of nodes had reached 
the position g'e b', it is clear that the plane of the ring would have 
passed three times through the earth in this case also. The first 
passage would have taken place before Saturn reached the point p, 
until which time the rings would have been invisible. They would 
have become visible when Saturn had passed the point p, and con- 
tinued so Until Saturn had very nearly reached the point p'', when 
— the earth being near e' — the plane of the rings would have passed 
twice through the earth, disappearing at the first passage and reap- 
pearing at the second. 

Further, if the earth is anywhere on the arc 6 E e', and for a few 
degrees beyond the points e and e', when Saturn reaches the point 
p', the rings' plane will pass three times through the earth, and 
there will be two disappearances of the rings, and two reappear- 
ances. 

Similar remarks apply to the passage of Saturn through the arc 
m''m m' of his orbit. Thus, if the earth is anywhere on the arc e eV, 
or a few degrees beyond the points e and e', when Saturn reaches the 
point m'', the rings' plane will pass three times through the earth, 
and there will be two disappearances and two reappearances of the 
rings. But if the earth is anywhere on the remaining arc of its 
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orbit when Saturn arrives at m'', the rings' plane will pass only 
once through the earth, and there will be one disappearance and 
one reappearance. 

In general, when the plane of the rings has passed through either 
the earth or the sun, the rings disappear or reappear. For, it is 
clear, that, if before the passage of the rings' plane through the 
earth their illuminated side was turned to the observer, then after 
such passage the earth must be on the darkened side of the rings, 
and vice versd. And again, if before the passage of the rings' 
plane through the sim, the earth and the sun are on the same side 
of the rings' plane — then, after such passage, the earth and the 
sun must be on opposite sides of the rings' plane, and vice versa. 
It may happen, however, that the plane of the ring passes through 
the sun and the earth at the same or nearly the same instant of 
time ; and it is perfectly clear that, in this case, if the ring is in- 
invisible before such passage it will be invisible after it, and vice 
versa. Thus, if the ring's plane passes only once through the earth 
at this passage of the nodal line across the earth's orbit, there will 
be no interval during which the ring is invisible (except the brief 
interval of the passage of the ring's plane through the earth and the 
sun) ; and only one such interval if the ring's plane passes three times 
through the earth. It will readily be seen that in the former case 
Saturn and the sun would be in conjunction at the double passage, 
and Saturn therefore invisible ; * in the latter case Saturn would 
be in opposition to the sun, and therefore favourably situated for 
observation. 

Again, two passages of the earth through the plane of the ring 
may coincide. This will occur if, when Saturn is at p', p", m', or m", 
the earth happens to be on one of the points separating the two arcs 
of its orbit mentioned above. Thus, if the earth is a few degrees be- 
yond the point e when Saturn arrives at p', the line of nodes of the 
ring' will overtake the earth (which is here moving in a path in- 
clined at a very small angle to that line) ; but before the ring's 
plane has passed beyond the earth, the rapid motion of the latter 

* To avoid confusion no notice has been taken of the invisibility of Satnm at and 
near conjunction, in the description of the passage of the nodal line of the ring's 
plane across the elliptic. 
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carries it (as the angle increases at which the direction of such 
motion is inclined to the line of nodes) again in front of the line 
of nodes, and the rings only disappear for the comparatively brief 
interval during which their plane passes through the earth. A 
similar double passage will happen if the earth is a few degrees 
from e' when Saturn reaches p'' ; for, in this case, when Saturn is 
approaching ^'\ the earth will have moved round in its orbit (having 
passed once through the plane of the rings), and have reached the 
line of nodes ; but before the earth has passed through and be- 
yond that line, the direction of the earth's motion will have become 
inclined to the line of nodes at so small an angle, that that line 
will again pass in front of the earth. The earth will similarly hang 
for a short time in the plane of the rings, without passing through 
and beyond it, if, when Saturn reaches m' or m'', the earth is a few 
degrees from e or beyond e'. In these cases it will be seen that the 
rings are visible both before and after the double passage. It is 
plain, also, that at such a double passage the earth would be for a 
longer time in the plane of the rings than when merely passing 
through that plane, and thus the phenomena attending the 
disappearance of the ring would be very favourably seen. The 
coincidence described is, of course, very uncommon; if, how- 
ever, the earth is near one of the points mentioned, she hangs 
longer in and near the plane of the rings than at an ordinary pas- 
sage through that plane.* If the earth passes through the plane 
of the ring when Saturn is at or near opposition, an observer on 
earth will be between the planes bounding opposite faces of the 
ring for about 8 seconds — the thickness of the rings being as- 

* It is stated in Sir John Herschel's * Outlines of Astronomy * that the plane of 
Saturn's ring in crossing the earth's orbit generally passes twice through the earth ; 
and in Hind's * Introduction to Astronomy ' that * there are usually two, if not three, 
disappearances about the time of the planet's arrival at the nodes.' The above in- 
vestigation shows that the earth can never pass twice exactly through the plane of the 
rings during the passage of this plane across the earth's orbit, but may pass either 
once or three times. And again, it is clear that there may be two disappearances of 
the ring, but never three ; or, if reappearances and disappearances are both included 
under the term * disappearances,' then there may be two or four, but can never be 
three excuitly. The case supposed by Herschel would leave the earth on the same side 
of the ring's plane before as after the passage of that plane across the earth's orbit ; 
the case supposed by Hind would leave the rings invisible after such passage. 
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sumed to be 100 miles — for he is carried from one plane to the 
other with a velocity equal to the difiference of the velocities of 
the earth and Saturn, or at the rate of 44,000 miles an hour. If 
the earth passes through the plane of the rings when Saturn is in 
conjunction, and Saturn could be seen at such a time, the observer 
would be carried from plane to plane of the opposite faces of the ring 
in 4 seconds. On the other hand, when two passages of the earth 
through the ring's plane coincide, an observer might be nearly nine 
hours between the planes bounding opposite faces of the rings 
(supposing the thickness of the rings to be 100 miles), — not being 
carried through both planes, but twice through one plane. If two 
passages were very nearly coincident, an observer might be four or 
five hours between the two planes at one passage, and an hour or 
two at the other, passing each time through both planes. When 
the earth passed through the plane of the ring in November, 1861, 
the time of passage of each point on the earth from plane to plane 
of the bounding faces of the rings, was very short : the correspond- 
ing passage in February, 1862, occupied a longer intervaL 

Another consequence of the earth's motion in her orbit is that 
the shadow of the rings on the planet, and the shadow of the planet 
on the rings, become visible. It is clear that to an observer placed 
at the sun's centre these shadows would at all times be invisible, — 
since those parts only of the rings and planet are in shadow from 
which the sun is invisible (through the interposition of parts of th^ 
planet and ripgs respectively), and the sun being invisible from 
them, they would be invisible to an observer placed in the sun. 
And the more nearly the line of sight from the earth to Saturn 
approaches to coincidence with the line from the sun to Saturn, the 
less conspicuous will the shadows be. Thus, when Saturn is in 
quadrature to the sun, at which time the angle between these lines 
is greatest (having an average value of about 6** at that time*), 
both shadows are, in general, more conspicuous than at any other 
time ; but there is a difference between the two shadows in this 
respect. When the rings are open to nearly their greatest extent, 
the shadow of the rings on the planet is not conspicuous, even 

* When Satum is in perihelion this angle is 6® 22' 25" '6 ; when he is in aphelion it 
is 6° 41' 60"-2. 
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when Saturn is in quadrature, for the motion of the earth in her 
orbit causes very little alteration in the apparent opening of the 
rings at this time ; thus the earth being elevated at very nearly 
the same angle as the sun above the plane of the rings, those 
parts of the planet's disc which would be invisible from the sun (that 
is, in shadow) are also invisible — or only visible along very nar- 
row strips of their surface — ^to the observer on earth, in whatever 
part of its orbit the earth may be. On the other hand, the shadow 
of the planet on the rings is very favourably seen when Saturn is 
in this part of his orbit, and in or near quadrature ; for the portion 
of the rings concealed from the observer on earth, and the p'ortion 
hidden from the sun (that is, in shadow), are shifted from coinci- 
dence with each other, through an angle of 5|° or 6^** (according 
as Saturn is near perihelion or aphelion)* about the centre of the 
rings, and a large part of the shadow of the globe thus becomes 
visible on one side or the other of Saturn's disc. Further, since the 
rings are open to their greatest extent, the shadow, which extends 
nearly across the width of the rings, is less foreshortened at this 
time than when the rings are less open. Thus the shadow ap- 
pears as in fig. 3, Plate I., in the form of a broad curved black 
space, boimded by two elliptical outlines. This figure represents 
Saturn as he appeared when near the point xiii of his orbit 
(fig. 1, Plate VIII.), and in quadrature following opposition (that is, 
when the earth was between b' and e''. The shadow lies to the 
right of the planet's disc : in reality the shadow lay at this time 
to the left of Saturn's disc, but in an inverting telescope the 
shadow appeared as represented. If there were no division in the 
rings the shadow would have been visible beyond the uppermost 
point of Saturn's disc, and for a short distance to the left of this 
point ; for, as we have seen, the line of sight from the earth to 
Saturn was inclined at a slightly greater angle to the plane of the 
rings than the line from the sun. Since, however, the division in 
the rings becomes visible above the disc of Saturn, there is no 
visible shadow at this point or in its neighbourhood.f When Saturn 

* The rings are open to their greatest extent when Saturn is near one or other of 
the apses of his orbit. 

t In pictures of Saturn by Bond and other observers, the division is thus shown. Pos- 
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(near xni) was in quadrature preceding opposition (in October, 
1855), the shadow presented a similar appearance on the other side 
of Saturn's disc. 

When Saturn is in other parts of his orbit, the shadow of the 
rings on the planet is more favourably seen. Thus, if Saturn is at 
L, and the earth near e — that is, Saturn in quadrature preceding 
opposition— it is clear that the earth is elevated at a smaller angle 
than the sun above the plane of the rings. Thus the ellipses pre- 
sented by the rings to the observer on earth have smaller minor 
axes than the corresponding ellipses that would be presented by 
the rings to an o];)server at the sun's centre. The shadow of the 
rings is therefore seen outside the outer edge of the rings as a black 
stripe, whose outline forms part of an ellipse of larger minor axis 
than that of the ring's outline. Fig. 2, Plate I., represents the 
appearance of Saturn in an inverting telescope at such a time. He 
appeared thus in the earlier part of November, 1858. At this time 
the shadow of the planet on the rings appeared (in an inverting 
telescope) to the left of the planet's disc— more foreshortened than 
the corresponding shadow in fig. 3, but sufficiently conspicuous. 

When Saturn had passed on to quadrature following opposition, 
or in the spring of 1859 (the earth being between e' and e''), the 
shadow of the rings appeared within them* (since the earth was 
elevated at a greater angle than the sun above the plane of the 
rings), and the shadow of the planet to the right of the planet's 
disc — in an inverting telescope. 

As Saturn's ring closes up, the portion of the shadow of the rings 
visible when Saturn is at or near quadrature increases, while the 
shadow of the planet on the rings becomes more and more fore- 
shortened. When Saturn is near either of the positions i or ix, 
the whole of the shadow of the rings becomes visible, at and near 
either quadrature. As the sun is nearly in the plane of the rings the 

sibly the shadow of the globe has been mistaken for the continuation of the divi- 
sion at this point. 

* As the visible part of the shadow of the rings at snch a time is plainly the shadow 
of the dark ring, it will appear probable, from the results of Chapter V., that the shadow 
is not so dark as in the former case, where the shadow is that of the outer bright ring. 
It would be very difficult to detect the difference, however, even with the most power- 
ful telescopes. 
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shadow is very narrow. It appears within or without the outline 
of the rings, according as the earth or the sun is elevated at the 
greater angle above the rings' plane. Thus, in fig. 1, Plate I., the 
whole of the shadow is seen crossing the planet's disc belo\^ the 
outline of the rings. This figure represents Saturn as he appeared 
in an inverting telescope, a day or two after the reappearance of 
the rings in February, 1862, the earth being near e', and Saturn 
near p'. Saturn was at this time between quadrature preceding op- 
position and opposition. The shadow of the planet on the rings 
was foreshortened almost to disappearance, and only traceable from 
its effect in taking off half the breadth of the fiije and broken line 
presented by the ring. 

In the other four quarters of Saturn's orbit, the shadows of the 
ring and planet present corresponding changes of appearance and 
position.* 

The manner in which Saturn's rings move round the sun, their 
plane remaining always parallel to a fixed plane — or, as it is some- 
times expressed, remaining always parallel to itself — may be con- 
veniently illustrated by means of a parallel ruler. To one of the 

* In Brewster's edition of * Ferguson's Astronomy/ a table is given for the deter- 
mining the proportion of the minor to the major axes of the ellipses presented by the 
outlines of the rings to the observer on earth. As this table has been calculated on 
the supposition that the plane of the rings is inclined at an angle of 81^ 24' to the 
plane of Saturn's orbit, whereas the true inclination is only 26° 49' 28'' ; and as, fur- 
ther, the correction for Saturn's geocentric latitude is wrongly given, the table is not 
very valuable. In the * Nautical Almanac ' the elements for determining the appear- 
ance of the ring are given, at intervals of twenty days. The calculation of these ele- 
ments for any intermediate day will be aided by Tables Vll. and VIII. at the end of 
this work. (Appendix II.; see, also, explanation of the tables.) 

I may notice here a slight error in Hind's valuable * Introduction to Astronomy.* In 
describing the appearance of Saturn's rings when open to their greatest extent, he writes, 
* The earth is then elevated 28° above the plane of the rings, and as that is the amount 
of inclination between the plane and the ecliptic, we view the ring as much open as it 
will ever be.* The earth, however, can never be elevated so much as 28® above the 
plane of the ring ; it is clear that the angle of elevation depends mainly on the incli- 
nation of the plane of the rings — not to the ecliptic, but to the plane of Saturn's orbit. 
The inclination of the ecliptic to the plane of Saturn's orbit has an effect in slightly 
altering the angle of inclination, but not to the extent implied in the sentence quoted. 
The earth's orbit is so small compared with Saturn's, that, even if the plane of the ecliptic 
were inclined at an angle of 90° either to the plane of Saturn's orbit, or to the plane 
of the rings, these would never appear much more open than they do under the pre- 
sent arrangement. 
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movable rods of such an instrument let a ring of paper be fixed 
so that its plane is inclined at an angle of about 27° to the face of 
the rod ; then (the other rod being held fixed) let the instrument 
be opened to its full extent, and closed again by carrying on the 
rod which bears the ring ; then the ring will move through nearly 
a semicircle (a point near the centre of which will represent the 
sun) in the.same way that Saturn's ring moves about the sun. The 
same motion may be more completely illustrated by such an in- 
strument as that represented in fig. 4, plate VIII. If the handle, 
H, be turned uniformly in the direction indicated by the arrow, the 
two endless screws, s and s', will communicate equal and uniform 
motions of rotation to the toothed wheels, w and w' ; thus the 
extremities of the rigid curved bars, B and b\ will move uniformly 
and at equal rates round the circumferences of equal circles, bear- 
iDg the bent wire, w w' w'\ with a uniform cranklike motion. If 
this wire bear a ball, «, circled about by a ring, r /, to represent 
respectively Saturn's globe and ring, and a spirit lamp, l, be placed 
as shown in the figure, to represent the sun, then the motion of the 
wire will bear this miniature system about the lamp in a manner 
that will illustrate more clearly than any verbal description the mo- 
tion of Saturn's system about the sun.* If all extraneous light be 
excluded, the instrument will illustrate the motion of the shadow 
of the rings on Saturn's globe, and the motion of the shcftiow of the 
globe on the rings. These phenomena are described in Chapter VII. 
The changes in the appearance of Saturn's belts in the course of a 
complete revolution about the sun, correspond with the changes in 
the outlines of the rings. Since Saturn's equator is approximately 
concentric with the rings, and in the same plane, it would always 
appear (if it were actually a visible line traced on the surface of 
the planet) as part of an ellipse similar to and concentric with the 
outlines of the ring. Thus when the edge of the ring is turned to 
the observer on earth, the equator is coincident with the line pre- 

♦ It will be seen that the lamp is placed somewhat eccentrically, so as to correspond 
with the eccentricity of Saturn's orbit about the sun. The wire is bent at h and V (at 
unequal distances from its extremities) that it may pass freely over the wick and flame 
of the lamp. The wire can be readily removed, and the instrument used to illustrate 
the motion of the earth or of any other planet about the sun. The ball, s, may be madd 
of pith ; the ring, r r\ of card or paper. 
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sented by the ring. When the northern surface of the ring is 
visible, the equator appears as the half of an ellipse having its 
convexity turned southwards ; and when the southern surface of the 
ring is visible, the convexity of the corresponding semi-ellipse 
presented by the equator is turned northwards. If the Satumian 
latitude-parallels were actually lines on the surface of the planet, 
it is clear that they would appear as parts of ellipses similar to, 
but not concentric with, the ellipses presented by the outlines of 
the rings. Half of the equator is always visible, but of the 
parallels of latitude more or less than half will be visible according 
to their position on Saturn's globe, and the variations (according 
to Saturn's position in his orbit) in the forms of the ellipses 
of which they form part. Thus, when the convexities of these 
ellipses are turned southwards, parallels on the northern half of 
Saturn's globe are visible through more than half their circum- 
ferences, the visible portion of each increasing northwards, until of 
parallels near the north pole the whole circumferences are visible ; 
but of parallels on the southern half of Saturn's globe less than the 
halves will be visible, the visible portion of each diminishing south- 
wards, until of parallels near the south pole, the whole circumfe- 
rences are invisible :* these relations are reversed when the convexi- 
ties of the ellipses are turned northwards. Thus the Saturnian belts, 
whose outttnes correspond as to their general contour with parallels 
of latitude on Saturn's globe, are presented with their convexities 
turned towards the concavities of the rings' outlines ; and of the 
belts on the half of the disc farthest from the rings a greater part 
is visible than of the belts on the other half of the disc. 

It is clear that when the edge of the ring is turned to us (and 
therefore .the equator of the ring presented as a straight line), 
each of the poles of Saturn's globe lies on the edge of his disc. 
When the northern side of the ring is turned towai-ds us, the north 
pole becomes visible within the edge of the disc, the south pole dis- 
appearing behind the disc ; and when the southern side of the ring 
is turned towards us the south pole becomes visible, and the 
north pole disappears. To an observer placed at the centre of the 

* "Where the ring crosses the planet's disc, parts of parallels will of course be in- 
visible ; this effect is considered in Chapter VII. 
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sun, these changes would take place in a uniform and continuous 
manner, just as the opening and closing of the rings have been 
shown to do.* The north pole would appear to leave the edge of 

* These changes of appearance, and therefore the changes of the planet's seasons 
which depend on them, may be illustrated as follows : — Let pep's', fig. 3, Plate VIII., 
represent an oblate spheroid of crystal, or any transparent substance, pop' being the 
axis, o the centre ; and suppose the spheroid to move in a circular orbit in the direction 
« o 5', its axis pop' retaining its direction unchanged throughout the motion. Then to 
an eye placed at the centre of motion, and referring the motions of the different parts 
of the spheroid to the disc presented by it, the points p and p' will appear to move 
backwards and forwards along two equal lines, Pcp and p'c'^', both parallel to s os'; not 
uniformly, but according to a simple law. Thus : — draw cocf through o, at right angles 
to ss^f to meet p p and r'p' in c and & ; and with centre c draw the circle p D ^ (the lower 
semicircle is omitted in the figure to avoid confusion); then if p c B be taken to equal the 
angle that (at the time considered) has been swept out by the spheroid about the centre 
of motion, from the position represented in the figure, and Ddhe drawn perpendicular 
toppt d will be the apparent position of the pole p at that time, and the line dad' 
through o will meet j/v^ in d\ the apparent position of the other pole p'; so that dod' 
is the apparent position of the axis at that time. Again, the outline presented by the 
spheroid will throughout the motion appear to touch two lines, t a'v' and t/ ay', parallel 
to and equidistant from « «'. Thus the eccentricity of the disc's outline will appear 
continually to diminish as the pole moves to c, thence to increase as the pole moves to 
Pf and to go through similar changes as the pole returns to p. The point o (referred 
to the disc's outline) remains fixed throughout. [In reality, of course, the motions of 
the points p and p' (referred to the spheroid) are not in straight lines but circles, the 
motions of the axis pop' (referred to the spheroid) carrying that line over the surface 
of a double cone, whose semi- vertical angle is c o p. While the pole p is moving from 
p to I? it is seen through the spheroid, and p' is on the nearer hemispheroid ; in the 
following half-revolution these conditions are reversed.] Again, let circles having 
p, and p' as their poles (that is, latitude-circles), be traced on the surface of the 
spheroid. For instance, let circles a a', a of corresponding to arctic circles (determined 
by the points a', a' in which yy' and ^y, tangents parallel to « «', meet the ellipse 
p E p'e') be so traced ; and again, let circles t t' and t f corresponding to the tropics 
(determined by the points t, ^, in which zz' and z z*, tangents perpendicular to 
« o «', meet the ellipse p e p'b') be so traced ; and, lastly, a circle e b' corresponding to 
the equator of the spheroid. Then these circles, which, in the position of the spheroid 
represented by the figure, appear as straight lines, will in other positions of the spheroid 
appear as ellipses, always touching the outline of the spheroid's disc, one part of each 
such ellipse (up to the points of contact with the disc) being seen throttffh the spheroid, 
the other upon the nearer hemispheroid ; the centres k, l, l' and k' wiU appear to move 
backwards and forwards along the lines Kk, l /, l'^' and k'^, (just as the points p and p' 
move along p^ and v'p', so that when these two poles are respectively at d and d', the 
four centres above-named wiU be found respectively at e, /, f and e') ; and, lastly, if 
lines parallel to « o «' be drawn through the points a, t', e', t\ t, b, t, and a', the ellipse 
into which the circle a a' is projected will throughout appear to touch the line t t' and 
the parallel through a, the corresponding ellipse of the circle t if will appear to touch 
the parallels through t and t', and so the ellipse corresponding to each of the circles 
will appear continually to touch the two parallel lines corresponding to it. From the 

H 
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the disc as the northern face of the rings began to appear, to travel 
farther and farther from the edge as the rings became more and 
more open, and afterwards, as the rings closed, to approach the 
edge in the same continuous manner — the southern pole being 
throughout invisible. Then, as the southern side of the rings be- 
came visible the southern pole would appear, first on, and then 
within, the edge of the disc (the northern pole disappearing), and 
would make a similar advance and retreat. The ellipses that 
would be presented by the parallels of latitude on Saturn's disc, if 
these were visibly traced on his surface, would open and close in 
the same continuous manner. But to the observer on earth the 
poles would not appear to advance and retire continuously. Just 
as we have seen that, although, viewed from the earth, the rings, 
in any complete synodical revolution have been opening or closing, 
yet for an interval in each synodical revolution appear to reverse 
those movements, so the poles, while on the whole they present 
themselves within the disc of the planet with alternations corre- 

last property it is clearly seen that the ellipses corresponding to the circles A A.' and 
a a', always meet the outline of the spheroid's disc at the same points, respectively, as 
the lines tx' and yy. 

The figures of Plate XIII. illustrate some of these properties ; they indicate (among 
other matters) the changes of Saturn's appearance during one quarter of a revolution 
about the sun, and as seen by a spectator supposed to be placed at the sun's centre. 
Only the visible parts of the ellipses are introduced in these figures. 

Fig. 2, Plate IX., represents the autumn (i.), winter (n.), spring (hl), and summer 
(iv.) phases for the northern (supposed the upper) hemisphere of a planet; or the 
spring, summer, autumn, and winter phases, respectively, for the southern hemisphere. 
They are placed in order, from right to left, that being the direction in which a planet 
would appear to move to an observer placed at the sun's centre. 

All the propositions contained in the first paragraph of this note may be very easily 
proved. For instance, to show that the ellipse presented by a latitude-parallel would 
always appear to touch two lines parallel to sos^, and drawn at fixed distances from 
o : — Since the spheroid's axis moves parallel to itself, the plane of each latitude-circle 
is carried parallel to itself, the centre moving parallel to the plane in which the centre 
of the spheroid moves ; thus each latitude-circle maybe conceived as sliding between 
two fixed planes, parallel to each other and to the plane of motion of the spheroid's 
centre ; these planes meet the apparent disc of the spheroid (wherever it may be) in 
two parallel lines at fixed, distances trom the centre of the disc, and the circle touch- 
ing those planes must therefore be projected into an ellipse touching those lines. 
And with similar simplicity the other propositions may be proved. They will appear 
identical propositions to the mathematician. It must be remarked that the dis- 
tance of the spheroid from the observer is supposed to be very great compared with 
the dimensions of the spheroid. 
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spouding to the Saturnian year, yet have another set of movementa 
corresponding to onr own year. Thus at times they appear to 
advance from or retire towards the edge of the disc more rapidly 
than they would if the earth were the centre of Saturn's motion ; 
at others they reverse their movements for intervals of several 
months, so that the advance or retreat (on the whole) of either 
pole takes place in an oscillatory manner. The belts on Saturn's 
surfece appear to the observer on earth to open and close precisely 
as the rings have been shown to do. 

Owing to the immensity of Saturn's orbit compared with the orbit 
of the earth, he never presents a gibbous appearance. It will be ob- 
vious from an inspection of fig. 3> Plate V J., that in the case of Mars 
(the only superior planet that ever presents a gibbous appearance), 
the orbits of the earth and planet are so related that the line of sight 
from the earth to Mars may be inclined at a large angle to the line 
from the sun to Mars,* and thus Mars may present to the observer 
on earth a considerable portion of his darkened hemisphere ; when 
this is the case he appears gibbous. The corresponding angle, how- 
ever, in the case of Saturn, is always small ; it obviously attains its 
greatest value for each synodical revolution when Saturn is in 
quadrature, and for different synodical revolutions such maximum 
value will vary with Saturn's distance from perihelion ; but even 
when Saturn is in perihelion at the moment of quadrature this 
angle is less than 6** 23'. At such a time a portion of Saturn's 
darkened hemisphere is actually turned to the observer on earth, 
and a portion very considerable so far as absolute extent of surface is 
concerned : f yet the alteration in the figure of Saturn's disc is alto- 
gether inappreciable, even on applying the most exact microme- 
trical measurement. That diameter which is most affected (that is, 
the diameter through the widest part of the darkened luue,) is not 

* This angle may be as great as 46® 46' if Mars is near perihelion at the time of 
either quadrature. In this case the breadth of the dark part of his disc (that is, the 
greatest width of the lune-shaped invisible portion of the disc) is about ^ths of the 
diameter of the disc. In November, 1860, Mars presented this appearance, having 
passed his perihelion on September 16th, 1860, and being in quadrature following 
opposition on November 23rd. 

t The extent of the darkened part thus turned towards us is considerably greater 
than the whole surface of our earth. 

H 2 
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diminished by g^th part of its length. Now this diameter subtends 
an angle of about 17" when Saturn is in quadrature; thus the 
amount by which it is diminished corresponds to an angle of little 
more than g^th of a second. 

Since the seven interior satellites of Saturn move in orbits very 
nearly concentric with the rings, and in the rings' plane, it is clear 
that if those orbits were visible throughout their extent, they would 
appear as rings of light very nearly concentric with the rings, ^ 
and similar to them in shape. These orbits would therefore appear 
to an observer at the sun's centre to open and close uniformly, 
while to the observer on earth they would appear to open and close 
in an oscillatory manner. And though the plane of the outer 
satellite is inclined to the plane of Saturn's orbit at a different 
angle than the ring's plane, and has its line of nodes in a different 
direction, yet the changes in the appearance of this orbit (supposed 
visible throughout its extent), would be similar to those of the 
other orbits. The investigation of the changes in the appearance 
of the rings, which is directly applicable to the orbits of the seven 
inner satellites, is applicable, mutatis mutandis, to the orbit of the 
outer. Like the ring this orbit opens out to the observer on earth 
in an oscillatory manner ; but the extent to which it opens is dif- 
ferent, and it does not attain its maximum opening in each suc- 
cessive synodical revolution, or its absolute maximum opening in 
each semi-sidereal revolution, at the same time as the ring. 

Owing to the inclination of the planes of the eight orbits to the 
plane of Saturn's motion, eclipses, occultations, and transits are less 
frequent among the Saturnian satellites than among those of Jupiter. 
The latter revolve very nearly in the plane of Jupiter's orbit, and 
therefore always appear to lie very nearly in a straight line through 
the centre of Jupiter's disc: thus they are occulted, eclipsed, 
and transit his disc at nearly every revolution. On the other 
hand, Saturn's satellites move in orbits which, if visible through- 
out their extent, would in general appear as ellipses, whether 
viewed from the centre of the sun or from the earth: it is only 
when such ellipses, viewed from the sun's centre would be partly 
hidden by Saturn's disc, that eclipses of the corresponding satel- 
lites can take place ; and only when such ellipses, viewed from the 
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earth would be partly hidden, that occultations or transits of the cor- 
responding satellites can take place. Now the mean disljuce from 
Saturn's centre at which the outer satellite revolves is no less than 
2,208,720 miles, and on the scale of the figures in Plate I. this 
distance would be represented by a line more than five feet long : 
thuSj if the orbit of this satellite were visible throughout its ex- 
tent, it would appear as an ellipse whose major axis would be ten 
feet long; and it is clear that a very small elevation of the point 
of view above the plane of the orbit would make the minor axis of 
such an ellipse greater than the apparent diameter of Saturn's 
disc* Hence it is only when the plane of the orbit passes through, 
or very near the sun, that this satellite can be eclipsed ; and only 
when that plane passes through, or very near the earth, that an oc- 
cultation or transit can occur. Further, as the period of this satel- 
lite is no less than 79 days, and as it is only for a brief interval in 
each revolution that the satellite is near Saturn's disc, the chance 
of an eclipse, occultation, or transit occurring is still further di- 
minished. Saturn may pass the points of his orbit at which these 
phenomena are possible while the satellite is near its easterly or 
westerly elongation, and fourteen years must then elapse before Sa- 
turn is again so situated that an eclipse, occultation, or transit is 
possible. Thus these phenomena occur very seldom, and as they 
may take place by daylight or in weather unfavourable for observa- 
tion, centuries may elapse before any one of them is actually visible 
from the earth. 

Similar remarks apply with nearly equal force to Titan and Hy- 
perion. The latter satellite is hardly ever visible owing to its 
minuteness. Eclipses, occultations, and transits of Titan, though 
uncommon, happen occasionally.f As already mentioned, an eclipse 
of Titan, and also the transit of his shadow across Saturn's disc, 
were observed by Mr. Dawes in the years 1861-1862, when the 

♦ If the linfe of sight were inclined 58' to the plane of the orbit, the minor axis of 
the ellipse would exceed Saturn's apparent diameter. 

t The mean distance of Titan from Saturn's centre is 759,990 miles. On the scale 
of Plate I., Titan's orbit (if it were visible throughout its extent) would appear as an 
ellipse having a major axis 3J feet long ; and if the line of sight were inclined to 
the plane of Titan's orbit in an angle of about 3° 11', this ellipse would be altogether 
clear of Saturn's disc. 
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plane of the ring (which is, to the sense, the plane'of Titan's orbit) 
passed vef y near both to the sun and the earth. Eclipses, transits, 
or occultations of Titan are only possible when the plane of his 
orbit about Saturn is so situated. 

Eclipses of the remaining satellites are not uncommon occur- 
rences. They increase in frequency as the distances, and conse- 
quently the periods, diminish. The two inner satellites very 
frequently transit Saturn's disc, and are as frequently eclipsed 
or occulted. These phenomena are not very often observed, how- 
ever, the satellites themselves being so difficult to detect. 

The eclipses of Saturn's satellites may be considered in another 
manner. Since the sun's diameter is 854,928 miles, Saturn's mean 
distance from the sun 874,321,000 miles, and his mean diameter 
68,965 miles, it may easily be calculated that the cone * of total 
shadow cast by Saturn extends to a mean distance of about 
76,718,000 miles. The axis of this cone is not in general coin- 
cident with the orbit-planes of Saturn's satellites, but passes 
on one side or the other of those planes. The intersection of 
each orbit-plane with the conical surface of the shadow is 
therefore an ellipse, — that part of each such ellipse which lies 
beyond Saturn being in darkness. If the orbit corresponding to 
any such ellipse (that is, the orbit whose plane meets the surface 
in such ellipse) lies without the darkened part of the ellipse, the 
satellite cannot be eclipsed ; but so long as the orbit falls within 
the ellipse, the satellite is eclipsed at each revolution. The planes 
of the seven inner satellites are (to the sense) coincident with the 
plane of the jing, and parts of the darkened portions of the 
ellipses in which the plane of the ring intersects the conical 
shadow of the planet are represented in the eight figures of 
Plate XII. These figures correspond to Saturn's positions 
at eight dififerent periods : — thus, fig. 1 corresponds to Saturn's 
position when the plane of the ring passes through the sun; 
fig. 8 corresponds to his position one quarter of a Saturnian 
year later, or when the sun is at its greatest possible elevation 

« Since neither Saturn nor the Biin is perfectly spherical, the space beyond Saturn 
which (neglecting the refraction of Saturn's atmosphere) receives no light from the 
sun, is not a cone, but is bounded by a surface of a less simple form. 
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above the plane of the ring ; the six intermediate figures corre- 
spond to his position at six intermediate epochs separated by equal 
intervals of time,* If these ellipses were completed, and the 
orbits of the seven inner satellites traced at their proper distances 
from Saturn's centre on the scale of the figure, it would be found 
that the orbits of all the seven satellites intersect the shadow in 
fig. 1 (which extends indeed more than eighty times as far as the 
orbit of Hyperion) ; the orbits of the four inner satellites inter- 
sect the ellipse of fig. 2, the orbit of the fifth just passing clear of 
it; the orbits of the first two satellites (Mimas and Enceladus), 
intersect the ellipse of fig. 3, the orbit of Dione being not very far 
beyond it ; the orbit of Mimas alone intersects the ellipse of fig. 4 ; 
and all the orbits lie beyond the ellipses of the remaining figures. 
As about 384 days elapse before the ellipse changes from the form 
shown in any of the figures to that shown in the following figure, 
it appears that for about a year after the passage of the plane of 
the ring through the sun's centre, the fifth satellite is eclipsed at 
each revolution ; the same must have happened for a similar time 
before the plane of the ring reached the sun's centre : — ^thus, twice 
in every Saturnian year the fifth satellite is eclipsed at each revo- 
lution (that is, every 4^ days), during an interval of about two of 
our years. The corresponding intervals increase as we proceed 
successively to the fourth, third, second, and first satellites. In the 
case of Mimas each such interval contains about seven years. 

Amongst the numerous eclipses of the difierent satellites in the 
course of a Saturnian year, several must be partial, the satellite 
merely grazing the shadow of the planet. Such phenomena, how- 
ever, would hardly be detected by the observer on earth, even in 
the case of Titan, still less in the case of the smaller satellites. 

The eclipses of the outer satellite might be treated in a similar 
manner, replacing the plane of the ring by the orbit-plane 
of that satellite. It would be found that the satellite would pass 
through the shadow only for a few days before and after the pas- 
sage of the orbit-plane through the sun's centre. 

Occultations of the satellites by the ring, and transits of the 



* 



Each interval is therefore about a seventh part of the quarter of a Saturnian year, 
bout 384 days. 



or about 384 days. 



104 SATURN AND ITS SYSTKM. 

satellites across the rings can happen, in the case of the seven inte- 
rior satellites, only when the plane of the ring passes very nearly 
through the earth. At this time, as already mentioned, the satel- 
lites may be detected travelling, * like golden beads on a wire,' along 
the line of the ring ; they are therefore either partially occulted 
by the ring or transiting it. When the plane of the ring passes 
through the sun the satellites would present the same appearance 
to an observer in the sun, and therefore must, at certain parts of 
their orbits, be partially eclipsed by the ring, or partially eclipse 
the ring's edge. Such partial eclipses w<5uld not be easily , 
detected, however, by the observer on earth. The outer satellite, 
whose orbit is inclined to the plane of the ring, may be eclipsed 
or occulted by, or transit, the ring : these phenomena, however, 
must be more rare even than the eclipses and occultations of this 
satellite by the planet. 
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CHAPTER V. 

NATUKE OF THE KINGS. 

If we consider the vast size and singular conformation of the Sa- 
tumian rings — appendages altogether unique in the solar system, 
and, so far as is known, in the universe itself — it will not appear 
surprising that they should have been the subject of many specu- 
lations and hypotheses ; or that the most wild and fanciful ideas 
should from time to time have been broached concerning them. 
Thus, Maupertuis considered that the tail of a comet passing near 
Saturn had been attracted from its course by the planet's mass, 
and has since continued to circle as a ring around him. It is 
singular that Bufifon, who had himself conceited the fanciful 
theory that planets are portions of the sun's mass which have 
been struck off by passing comets, refused to accept Maupertuis' 
hypothesis of the cometary nature of Saturn's ring-system. One 
would have thought that in such a view he would have found a 
confirmation of his favourite theory. He might have argued, that, 
as it will happen that a strong wrestler, overbearing his foe, may 
yet be forced to follow him in his fall, so the comet that had dashed 
from the sun's globe the mighty ma* of Saturn, and carried it 
on through space to so vast a distance from the parent orb, was 
unable to free itself from its massive burden, and gradually cooling, 
formed the vast ring that still circles about Saturn. Such an ex- 
planation is altogether unphilosophical, it is true, but not more so 
than the theory on which it is founded. The explanation actually 
offered by Buffon was different, however. He considered that 
Saturn's equator originally extended as far as the outer edge of the 
ring, and that the equatorial regions have been thrown off by centri- 
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fugal force, the rest of the planet gradually contracting to its pre- 
sent dimensions. Mairan supposed that the rings are the remains 
of outer shells about Saturn, broken up by some vast convulsion.* 

Until very lately, whatever explanations might be offered 
as to the first formation and original state of the rings, the 
opinion that the system is at present solid and continuous was 
universally accepted. Such an opinion seems, at first sight, to be 
countenanced by the continuous appearance of the rings, and their 
general permanence of form. On closer examination, however, it 
wilj be found that the most serious difficulties attend the supposi- 
tion of the solidity of the system. 

In the first place, it has been shown in Chapter III. that the rings 
frequently exhibit traces of division, but that such traces are not 
permanent, sometimes varying in position, at others disappear- 
ing altogether. It is not easy to explain these changes on the 
supposition that the rings are solid. The approach of two rings, 
originally concentric, might, it is true, remove all trace of divi- 
sion at the point of approach, or in its immediate neighbomrhood ; 
but a wider gap would thus be left at the opposite part of the 
division's circumference, and the trace of division thus disclosed 
would be at once recognized as forming part of the division first 
seen, — that is, as belonging to a particular circle concentric with 
the great division : — on the contrary, the traces of division seen at 
different times belong to distinct circles. It is still more diffi- 
cult to explain the appearance of non-permanent mottled or dusky 
stripes concentric with the rings, on the supposition of the solidity 
of the system. A division between the rings, whether permanent or 
not, allowing the dark sky beyond to be seen, should appear perfectly 
black like the great division ; so that mottled or dusky stripes would 
seem to indicate only semi-transparency in those parts of the rings 
along which they are traceable. If we accepted such an explana- 
tion, we should have to account for the following mysterious condi- 
tions in Saturn's ring system: — In solid flat rings non-permanent 
concentric divisions open at different times along different circles, 

"• * The theory that the earth itself is composed of several crusts liable to separate 
destruction was maintained by several distinguished astronomers of the eighteenth 
century ; and, earlier, by Kepler. 
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while variable concentric bands become at diflFerent times semi- 
transparent ; again, — the divisions close, and the transparent bands 
resume their opaqueness^ after variable intervals. 

It may be urged, however, that these lines are not necessarily 
traces of division ; that ranges of hills upon the rings would throw 
black shadows, while rough districts would appear mottled or 
dusky, like the stripes seen by Mr. Dawes. Yet how inexplicable 
in either case that such irregularities should lie always in circular 
arcs concentric with the rings I And to what cause should the non- 
permanence of these irregularities be ascribed ? Why should they 
disappear along one circle to be thrown up presently along another ? 

The presence of an atmosphere bearing clouds over the surface of 
the rings, and thus concealing the traces of division, may appear, at 
first sight, a plausible explanation of the phenomena we are con- 
sidering. But the disposition of such an atmosphere necessary to 
produce the observed effects would be so artificial that, on this 
account alone, we might well be permitted to reject the supposi- 
tion; and further, the cloudy regions ima^ned should at least, one 
would suppose, be as distinctly visible as the zones on Saturn's 
disc ; indeed, lying over a flat surface, their outlines would pro- 
bably be more distinct than those of Saturn's belts. But, except 
the permanent difference of tint observed in the two rings, the 
telescope has revealed no appearances that could be attributed to 
the existence of an atmosphere surrounding the rings ; and even if 
that diflference of tint be assigned to atmospheric causes, yet, being 
permanent, it does not avail to explain the variations we are exa- 
mining. It might, indeed, be urged that the mottled lines on the 
rings indicate the presence of an atmosphere ; that they are either 
clouds or breaks in the cloudy envelope of the rings ; or, perhaps, 
the shadows of clouds themselves invisible. Their appearance is 
not favourable, however, to these suppositions ; nor are such long 
narrow circular arcs the forms into which we should expect cloud- 
bands to arrange themselves, or the openings in clouds to appear, 
under the conditions to which the surface of the system is subject. 
A uniform distribution of light and heat must prevail over the whole 
of that surface except where the vast shadow of the planet actually 
falls, or has lately past, and the disturbing eflFects of this shadow 
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(see Plate XIT.) must operate across the breadth, or a great part 
of the breadth, of the rings, not along narrow arcs concentric with 
their edges. The argument against the solidity of the rings drawn 
from the varying traces of divisions in the system appears, then, to 
be little if at all impaired by the assumption that the rings are sur- 
rounded by a varying atmospheric envelope. Such an explanation 
is altogether inapplicable to the objections we have next to consider. 
We have seen that one of our most accurate observers has seen 
traces of division in the dark ring, which also appears at times to 
be separated from the inner circumference of the neighbouring 
bright ring by gaps of considerable length. These appearances may 
be passed over, or simply viewed as confirmations of the argument 
drawn from similar non-permanent traces in the bright rings ; but 
there are phenomena connected with the dark ring which appear 
altogether inexplicable on the supposition that this formation is 
solid. In the first place, there is the singular circumstance already 
recorded that this ring was not visible seventy years ago through 
one of the most powerful telescopes ever constructed ; whereas 
since its discovery it has become gradually more and more con- 
spicuous, until in 1856 it was visible in telescopes of very moderate 
power. Secondly, as already stated, this ring is transparent, and 
the edge of the planet's disc seen through it is not distorted. If 
the substance of the ring were a transparent solid (or even fluid) 
possessing properties similar to those of all transparent substances, 
solid or fluid, with which we are acquainted on earth, the edge of 
Saturn's disc seen through it would be distorted by the refrac- 
tion of light passing through such a medium. Too much stress, 
however, must not be placed on this argument ; for if the plane 
faces of the dark ring are parallel the distortion would be very 
small (its amount depending on the thickness of the ring) and pro- 
bably not traceable even with the most powerful telescopes yet con- 
structed. The great, and I think unanswerable, arguments against 
\ the solidity of Saturn's dark rings, are drawn from the facts, that so 
; vast a formation should be transparent, that its transparency should 
/ once have been such that it was mistaken for a belt on the body of 
the planet, and finally that it should be continually growing more 
and more opaque, so that it becomes more clearly visible every year. 
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Let us next consider the dimensions of the rings. We have seen 
that the thickness of the system is very small compared with its 
other dimensions. A small ring of iron constructed on the scale of 
one of the rings, or even a ring of iron whose width should be pro- 
portioned to that of the complete system of rings, would be a 
flimsy body, easily bent or broken. But in considering the strength 
of bodies constructed of any substance, it is not sufficient that we 
should know their proportions, we must know also the scale on 
which they are constructed. Thus, if an engineer, who proposed 
to erect a bridge of iron of given length and to support a 
given weight, should construct a model a few inches long of the 
same kind of iron, and should determine the proportions of the 
bridge itself from the proportions he found necessary to support a 
proportionate weight in the model, he would probably erect a bridge 
hardly strong enough to support its own weight. The larger the 
scale on which a model in iron of the rings of Saturn should be 
constructed, the flimsier (in proportion to ks size) it would become. 
If, then, it were possible to imagine a ring of iron constructed of 
the same dimensions as the Saturnian system of rings, it would be 
utterly unfit to bear the immense strains to which, as we shall see, 
these rings are subjected. If, further, we imagine such a ring 
divided into numerous concentric rings, the system thus formed 
would be still less fit to bear strain or pressure. But this is not 
all. We have arrived at the conclusion that the rings are about 
100 miles thick, from the supposition that the mean density of the 
substance of which they are composed is equal to the mean density 
of Saturn's mass, or '76.* Now the density of forged iron is about 
7'7, or more than ten times as great as Saturn's mean density; and 
it is not probable that any substance (unknown on earth) could 
have the same strength and tenacity as iron with a much smaller 
density — say with a density less than 3*75, or five times that of 
Saturn. If we assume the mean density of Saturn's rings to be 
3*75, then, instead of arriving at the conclusion that the thickness 
of the system is 100 miles, we deduce a thickness of only 20 miles. 
With such a thickness a model of the rings on the scale of Plate I. 

* The density of water being as 1. 
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would be thinner than tissue-paper. Undoubtedly a solid iron 
system of such proportions, and of such vast absolute dimensions, 
* would be not only plastic, but semi-fluid, under the forces it 
would experience,' ♦ 

The change that has taken place in the dimensions of the rings 
during the last two hundred years aflfords a still stronger argument 
against the solidity of the system. We have seen that the measure- 
ment of the width of the ring given by Huygens or Pound ditfera 
considerably from that given by Herschel, and that again from the 
results of the most trustworthy modern measurements. We cannot, 
perhaps, place much reliance on the absolute dimensions of the 
ring or planet determined by the earlier observers. Owing to the 
immense distance of Saturn from the earth, the determination of 
these dimensions is a task of great difficulty even to observers using 
the wonderfully delicate instruments of the present day. Far more 
reliance, however, can be placed on proportional measurements, 
and only such measurements are involved in the question ; unless 
we suppose — which will hardly be considered probable — that the 
dimensions of Saturn's globe have undergone alteration during the 
interval we are considering. All the measurements that have been 
taken of the rings, from the time of their first discovery to the 
present day, have been carefully revised and examined by M. Otto 
Struve. He not only considered the result obtained in each 
case, but the method of measurement applied, the nature and 
quality of the instrument used, and the skill and general trust- 
worthiness of the observer. He arrived at the following conclu- 
' sions : — The width of the system of bright rings is increasing, 
gradually but continuously, by the approach of its inner edge to- 
wards Saturn's equator; both the rings have partaken in this 
change, but the inner ring has increased in width more rapidly 
than the outer. The dark ring, as already stated, has increased 
considerably in width during the comparatively short period that 
has elapsed since its discovery. 

The increase in the width of the system of rings must, of 
course, have been accompanied by a corresponding decrease in 

* * Essay on the Stability of the Motion of Saturn's Kings/ by J. Clerk Maxwell, 
M.A. 
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thickness. Let us examine the extent of both these changes in 
Herschel's time and in our own. For simplicity, we may treat the 
system of bright rings as a single ring, and neglect all consideration 
of the dark ring. The outer diameter of the rings is 166,920 miles, 
the equatorial diameter of Saturn 72,250 miles. Now, the measure- 
ment of Huygens made the width of the ring equal to the breadth 
of the space between the ring and planet, and the measurement 
of Pound made the width of the ring somewhat less. Taking the 
first measurement (as the least favourable to our case), it appears 
that the width of the ring was 23,667 miles in Huygens' time ; and 
it is easily calculated that the extent of either flat surface of the 
ring was upwards of 10,652,100,000 square miles : the outer dotted 
line in fig. 3, Plate IX., represents the inner edge of the bright 
ring at this epoch. Again, Herschel found that the width of the 
ring, in his day, bore to the breadth of the space between the ring 
and the planet's equator the proportion of 5:4; this gives to the 
ring a width of 26,297 miles, and a surface of 1 1,617,500,000 square 
miles : the inner dotted line in fig. 3, Plate IX., represents the 
inner edge of the bright ring, at this time. Lastly, the best modem 
measurements give to the ring a width of 28,300 miles, and therefore 
a surface of 12,324,300,000 square miles. Thus it appears that in the 
first interval of about 120 years, the absolute ind^ease in the width 
of the rings was 2,630 ^iles ; and in the second interval of about 
70 years, the rings increased in width 2,003 miles. The average 
annual rate of increase in the first interval is nearly 22 miles, 
in the second nearly 29 miles, so that the rate of increase 
in the width of the ring would appear to be itself increasing. 
Further, it appears that the surface of the ring was greater, and 
therefore the thickness of the ring less, in Herschel's time than in 
Huygens', in the proportion of 116,175 : 106,521 (or about 12 : 11) ; 
and in our own time the surface of the ring had increased, and the 
thickness of the ring therefore diminished, in the proportion of 
123,243 : 116,175 (or about 35 : 33) as compared with those 
dimensions in Herschel's time, and in the proportion of 123,243 : 
106,521 (or about 8 : 7) as compared with the corresponding dimen- 
sions in Huygens' time. Thus, if we assume the present mean 
thickness of the rings to be 100 miles, it appears that in Huygens' 
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time the rings must have had a mean thickness of 114 miles, and 
have been narrower than at present by no less than 4,633 miles. 
It is hardly necessary to point out the difficulty of reconciling 
these changes of form with the supposition that the formation is 
solid. 

Let us next discuss the results of more exact and systematic in- 
quiries. 

The question whether a solid flat ring could remain in equi- 
librium, under any circumstances, about a vast central orb like 
Saturn, attracting according to the law of gravity, was first dis- 
cussed by Laplace, towards the end of the last century. This 
celebrated mathematician, established three important points, but 
contented himself with otSfe^^i^ ^^ hypothesis respecting the 
stability of the system. 

Laplace first proved that such a ring must rotate about the 
central globe. The enormous attractive force of an orb so vast as 
Saturn must in some way be counterbalanced. When a satellite 
revolves about a planet, the attraction between the planet and 
satellite is continually used up — so to speak — in changing the di- 
rection of the satellite's motion. If that motion were suddenly 
checked, the satellite would approach the planet ; if the motion 
were stopped, th<f satellite would fall on the planet. Now, every 
portion of the ring is subjected to the immense attractive force 
of Saturn's mass, and also to the attractive force (by no means 
insignificant) of the rest of the ring. The first force drags the 
ring towards the common centre of the ring and planet. The 
second force has a different effect ; it operates to drag the outer 
parts of the ring inwards, the inner parts outwards : the influence 
of this force would chiefly lie in its effect in weakening the ring, 
and thus rendering it more than ever unfit to resist the tremendous 
influence of the first force. Thus, if the ring were not rotating it 
would inevitably give way under these forces, and crumbling up — 
like an arch beneath a load too great for its strength — would fall 
in ruins about the planet's equator. 

We are led immediately to Laplace's second conclusion. At 
what rate should the ring revolve ? That all strain should be re- 
moved, each particle of the ring should move as if it were a free 
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satellite revolving about Saturn : the greater part of the strain 
would be removed if each particle of the ring revolved at the rate 
with which a satellite at the same distance from Saturn would re- 
volve in a circle about him. It is clearly impossible that either 
kind of motion should be found in each particle of a solid flat ring: 
if the outer parts of such a ring had the rate of motion corre- 
sponding to the second case, the inner parts would be revolving too 
slowly, and be dragged inwards ; if, on the other hand, the inner 
parts had such a rate of motion, the outer parts would be revolving 
too fast, and be whirled outwards. It is clear that the supposition 
most favourable to the existence of the ring is, that it should re- 
volve at the rate due to a satellite at the mean distance of the par- 
ticles of the ring from Saturn's centre. But, even in this case, the 
outer parts of the ring have too great, the inner parts too small, a 
velocity. Thus, the outer parts, if not constrained by the cohesion 
of the ring, would travel in a larger orbit than that in which they 
actually move ; while the inner parts would seek a smaller orbit. 
Now the cohesion of a flat ring, of the dimensions of Saturn's ring, 
would be altogether insufficient to resist these tendencies. The 
inner and outer rims of such a ring would be stripped off, pro- 
bably in irregular fragments, and proceed to describe eccentric 
orbits. Such effects are due to the width of the system ; the co- 
hesion of a narrow ring would be sufficient to resist the compara- 
tively small strains to which the part« of such a ring would 
be subjected. Hence Laplace concluded that Saturn's ring must 
be divided into several concentric rings. He calculated the rate of 
motion due to each part of such a system, and his conclusions were 
soon confirmed, so far as the outer rim was concerned, by the ob- 
servations of the elder Herschel. 

Laplace next proved that a perfectly uniform solid ring, of mo- 
derate width, might rotate for ever around a perfectly uniform 
planet, if subjected to no disturbing influences ; but that if such 
a ring were once disturbed, however slightly, equilibrium would 
never afterwards be restored. The approach of one part of the 
ring towards the planet would cause a preponderance of attraction 
on that part of the ring ; thus it would continue to approach the 
planet with constantly increasing velocity, and would finally fall 
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upon the planet's equator. Now, in the first place, Saturn's ring is 
subject to numerous disturbing influences: even if we suppose 
Saturn's globe and the ring itself free from irregularities (which, 
however, is utterly incredible), yet the attractions of the satellites 
constantly varying in position, the attractions of the dififerent 
members of the solar system, of the sun itself, of stars, of comets, — 
all these are disturbing influences, and any one of them would be 
sufi&cient to destroy the balance of the ring and effect its destruc- 
tion. But, secondly, an eccentricity in Saturn's position with re- 
spect to the ring (due no doubt to the above-named causes) is not 
unfrequently palpable to observation. Since the destruction of 
the ring has not resulted, as must have happened if the ring were 
solid and uniform, .it follows that the ring, if solid, is not uniform. 
I say the destruction of the ring, because it is clear that when once 
the ring had assumed an eccentric position, the proper rate of mo- 
tion to prevent destruction would be different for different parts of 
the ring, and the actual motions of the ring (rotating, and falling 
towards the planet) could no longer give to each part its just 
rate of motion — some parts would be moving too fast, others not 
fast enough ; and, finally, when the eccentricity of the ring's position 
became sufficiently great, the ring would be broken into fragments 
— like an arch pressed beyond its strength, inwards at some points 
and outwards at others. 

Laplace lastly considered the case of a solid non-uniform rotating 
ring. He did not, however, subject this part of the question to the 
same searching mathematical inquiry that he had applied to the 
others. He contented himself by suggesting that the irregularity 
of such a ring, properly disposed, and combined with an eccentri- 
city of position, might prevent the destruction of the ring. He 
considered that the breadth of any ring composing the system 
might vary in different parts of its circumference, so that the 
centre of gravity might be at a considerable distance from the 
centre of figure; and that the centre of gravity of such a ring 
might revolve about Saturn somewhat in the manner of a satellite, 
and with a period equal to that of the ring. There was one ob- 
vious difficulty in the way of this supposition. Under the different 
disturbing influences to which the rings are subjected, they would 
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be liable to leave the plane of Saturn's equator, the plane of 
each ring moving with a slow precessional movement about Sa- 
turn. Now this movement would be diflTerent for each ring, and 
thus the rings would no longer be found in one plane, and the 
system no longer present the appearance actually observed. La- 
place considered, however, that if equilibrium could be secured to 
each ring of the system, the attraction of Saturn's bulging equa- 
torial regions might be sufficient to overcome all such disturbing 
influences, and to compel all the rings to move in a single plane 
very nearly coincident with the plane of Saturn's equator. Thus 
it appeared to Laplace that the system of rings was probably com- 
posed in some such manner as that indicated in fig. 4, Plate IX, — 
the bounding outlines of each ring being necessarily circular, since 
otherwise the motion of the ring would be impeded by collisions 
with its neighbours. But he saw that it was not sufficient for the 
stability of the system that the bounding outlines of each ring 
should be non-concentric circles. Such an arrangement would leave 
the centre of gravity too near the centre of figure of the ring.* 
He conceived that the centre of gravity might be thrown to a suf- 
ficient distance from the centre of figure, either by variations in 
the density and thickness of the ring, or by irregularities on the 
surface. This vifew was confirmed by Herschel's determination of 
the rotation of the outer ring. We have seen that he efiected this 
determination by watching the motions of certain bright points 
^which might be supposed to be irregularities upon the surface of 
the ring. 

The conclusion arrived at by Laplace was for more than half a 
century accepted by astronomers as the only possible interpreta- 
tion of the stability of the Saturnian rings. Of the value of 
Laplace's investigations of this, as of so many other problems of 
difficulty, there can be no question; yet the result he arrived 
at is unsatisfactory. In the following observation. Professor 
Nichol estimates Laplace's views at their just value : — * Worthy 

^ With such an arrangement (the thickness and density of the ring being uniform 
throughout) the centre of gravity could never be so far from the centre of figure as hahf 
the radius of the outer boundary, whatever the* proportion of the radii of the two boun- 
daries, and whatever the distance between their centres. 

I 2 
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of every admiration amidst a display of mechanical toys, such 
hypotheses rarely constitute essential parts of the vast and simple 
arrangements of nature.' 

The discovery of the dark ring roused new inquiries. In 1851, 
Professor Pierce, of America, examined the second point esta- 
blished by Laplace — the narrowness of the rings composing the 
system. He found that, if the rings are soHd, the breadth of each 
must be much smaller than even Laplace had imagined, so that the 
number of rings must be considerable. The elements of confusion 
and insecurity that must exist under such an arrangement are 
self-evident. 

On March 23rd, 1855, the University of Cambridge announced 
that the stability of the motions of Saturn's rings had been chosen 
as the subject of the Adams Prize Essay ; and in 1857 the prize 
was adjudged to Mr. J. Clerk Maxwell. Taking up the question 
of a solid ring where it had been left by Laplace, Mr. Maxwell 
finally disposed of it. He showed that the irregularity of each 
ring should be such as to bring the centre of gravity more than 
nine times as far from the lightest as from the heaviest side of the 
ring ; and that the eccentricity of position of each ring must be 
such that a system composed of such rings would present an ap- 
pearance altogether dififerent from that of the actual system. He 
showed, further, that even with such an arrangement the slightest 
cause would be sufi&cient * to destroy the nice adjustment of the 
load, and with it the stability of the ring.' We have also seen that 
a solid ring very eccentrically placed would be broken into 
fragments. 

We are compelled, then, finally to reject the idea that the . 
system is solid. 

The appearance of continuity presented by the rings leads next 
to the supposition that they may be fluid. The hypothesis seems at 
first sight an inviting one. The variations in the form of the 
system, the temporary divisions in the bright rings, and the trans- 
parency of the dark ring, no longer appear to offer insuperable 
difficulties. Yet the notion of an isolated ocean of such vast di- 
mensions, and poised in so artificial and apparently precarious 
a manner, is not one that would be readily accepted save as a 
resource against the still more serious objections to the solidity of 
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the formation. And fuiiher, If we accept some such view of the 
development of the solar system as that embodied in Laplace's 
Nebular Theory (and the arguments in favour of such an hypothesis 
appear irresistible),* we must place the formation of these rings 
in point of time between that of the satellite nearest to Saturn 
and that of the planet itself. As there is no reason for supposing 
either of these bodies to be otherwise than solid, we have at least a 
negative argument against the fluidity of the rings. But the strict 
examination, by Professor Pierce and Mr. Maxwell, of the stability 
of a system of continuous fluid rings, forces us to reject altogether the 
idea that the Saturnian rings form such a system. The various 
disturbing attractions to which the rings are exposed would inevi- 
tably lead to the formation of waves, under whose influence the 
fluid rings would be broken up into fluid satellites. 

We are compelled, then, finally to assume that the continuous 
appearance of the rings is not due to real continuity of substance. 
The sole hypothesis remains that the rings are composed of flights 
of disconnected satellites, so small and so closely packed that, at 
the immense distance to which Saturn is removed, they appear to 
form a continuous mass. 

An a priori argument in favour of such a supposition may be 
drawn from analogous instances in the solar system. In the zone 
of asteroids we have an undoubted instance of a flight of dis- 
connected bodies travelling in a ring about a central attracting 
mass. The existence of zones of meteorites travelling around the 
sun has long been accepted as the only probable explanation of 
the periodicity of meteoric showers. Again, the singular phe- 
nomenon called the zodiacal light is, in all probability, caused by 
a ring of minute cosmical bodies surrounding the sun.f In the 
Milky Way and in the ring-nebulae we have other illustrations of 
similar arrangements in nature, belonging, however, to orders im- 
measurably vaster than any within the solar system. 

* See Appendix I., note B, Laplace's Nebnlap Theory. 

f It has been suggested that the appearance of the zodiacal light in equatorial re- 
gions may be explained by supposing it to be a ring of minute satellites, surrounding 
the earth. The investigations in Chapter YII., which may be applied, mutatis miUandis, 
to a ring and globe of any dimensions, prove, however, that the zodiacal light 
cannot be due to such a cause, the appearance of the meteor in high latitudes being 
altogether different from that which would be presented by a ring surrounding the earth. 
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Let us consider in what light the difficulties met with when 
we supposed the rings to be solid and continuous, appear on the 
hypothesis that the system is composed of disconnected satel- 
lites. 

The temporary divisions and mottled stripes are easily ex- 
plained. It is conceivable, for instance, that the streams of 
satellites forming the rings might be temporarily separated along 
arcs of greater or less length by narrow sti^ips altogether clear 
of satellites, or in which satellites might be but sparsely dis- 
tributed. Divisions of the former kind would appear as dark 
lines, while those of the latter kind would present precisely that 
mottled appearance seen in the dusky or ash-coloured stripes. 
The transparency of the dark inner ring is easily understood 
if we consider the satellites to be sparsely scattered throughout 
that formation. The fact that this ring has only become visible 
of late years no longer presents an insuperable difficulty, for it is 
readily conceivable that the satellites forming the dark ring have 
originally belonged to the inner bright ring, whence collisions or 
disturbing attractions have but lately propelled or drawn them. 
The gradual spreading out of the rings is explicable when the 
system is supposed to consist of satellites only connected by their 
mutual attractions ; while the thinness of the system is obviously 
a necessary consequence of such a formation, for the attraction of 
Saturn's bulging equatorial regions would compel each satellite to 
travel near the plane of Saturn's equator. 

Another remarkable phenomenon — the elliptical shading at the 
ends of the apparent longer axis of the dark ring — ^must next be 
considered. These appearances have been called the 'shadows 
projected on the ring.' It is perfectly clear, however, that they 
are not shadows ; for, in the first place, there are no luminous or 
light-reflecting bodies from which these parts of the rings are at 
any time concealed, while the brighter parts are illuminated ; and, 
secondly, the fact that they are always seen in the same appa/rent 
parts of the ring, though the direction of the line of sight from 
the earth to Saturn is continually varying, shows conclusively that 
their appearance depends on the position of the observer on earth, 
whereas the motions of Saturn and of the ring are altogether 
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independent of the earth's position in her orbit. There is no 
difficulty, however, in explaining these appearances, even on the 
supposition of the solidity of the system. Such explanation will 
serve to introduce and render intelligible the corresponding ex- 
planation on the hypothesis we are actually examining. Consider 
the gi-eat division in the rings: it is perfectly clear that if the 
rings were indefinitely thin, this division would appear to be 
bounded by tv^o exactly similar and concentric ellipses, and it 
would therefore appear broadest at the ends of its longer axis and 
narrowest at the ends of its shorter axis. But now suppose the 
rings to be of appreciable and uniform thickness — then it is clear 
that this circumstance will operate to make the division appear 
narrower at the ends of the shorter axis, while it will not affect 
the apparent breadth of the division at the ends of the longer 
axis. For at the ends of the shorter axis the apparent breadth 
will be the angle between two lines of sight, one passing over the 
upper edge of the nearer boundary of the division, the other 
passing under the lower edge of the farther boundary ; and it is 
clear that as the angle diminishes at which the ring is viewed, 
the apparent breadth of this part of the division would rapidly 
diminish, until at length the line passing over the upper edge 
of the nearer boundary would fall upon the opposite face of the 
division, so that the division would no longer be visible at this 
point. After this, as the angle at which the ring is viewed con- 
tinued to diminish, the arc along which the division is invisible 
would gradually extend more and more towards the extremities 
of the longer axis of the apparent outline of the division ; but 
until the angle became very small it is clear that the apparent 
breadth of the division would be very little affected at the ends 
of the longer axis, for here the lines of sight to the edges of 
the division would fall (approximately) along, and not across, 
the bounding faces of the division. Similar remarks apply to 
the division in the outer ring ; but this division being so much 
narrower than the great division, would disappear much sooner 
at the ends of the shorter axis, as the ring closed, and the arc 
along which it is invisible would extend much more rapidly 
towards the extremities of the longer axis. Now, imagine the 
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formation of the rings to be that exhibited in fig. 5, Plate IX. ; 
that is, that each ring is formed of a number of concentric hoops of 
uniform thickness, but the breadths of which diminish, while the 
intervals between them grow gradually wider towards the inner 
boundary of each ring. Then it is clear, either from the conside- 
rations detailed above or from an examination of the figure, which 
represents the appearance of such a system of rings, that dark 
spaces must be visible at the ends of the longer axis of the inner 
boundary of each bright ring.* These shaded spaces would vary 
in form according to the manner in which the rings and the divi- 
sions between them varied in width, and might either be bounded 
by definite outlines or toned off by insensible gradations. It is 
clear, however, that if the width of the rings diminished, and the 
width of the spaces between them increased, by any uniform law, 
the shadings would present oval forms similar to those presented 
by the Saturnian system. 

The explanation of these appearances on the supposition that 
the rings consist of flights of disconnected satellites, is similar to 
the above — though not so convenient for illustration — whether we 
suppose the satellites to travel in narrow rings, or, which is more 
probable, to be in general less regularly disposed. We have only 
to imagine that the satellites are strewn more densely near the 
outer edges of the bright rings, and especially of the inner bright 
ring, and that this density of distribution gradually diminishes 
inwards. For instance, we may conclude that along the inner 
edge of the inner bright ring the satellites are so sparsely strewn 
that, at the extremities of the apparent longer axis of that edge, the 
dark background of the sky becomes visible through the gaps be- 
tween the satellites. If these gaps were separately visible we should 
find, as the eye travelled acroaa the breadth of the bright ring at 
this part, that they became smaller and less numerous as the satel- 
lites became more and more densely crowded; but as the eye 
travelled routid the ring we should find the gaps becoming smaller 
and less numerous from another cause. For a satellite would 

^ We must suppose these narrow rings to be so numerous, and, therefore, the divi- 
sions between them so narrow, that neither rings nor divisions would be separately 
visible even in the most powerful telescopes. 
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appear of the same size at whatever part of the ring it appeared, 
and thus, if separately visible, would occupy a much smaller part of 
the breadth of the rings when seen near the longer axis, where this 
breadth is greatest, than when seen near the shorter axis, where this 
breadth is least. Hence a flight of satellites which, in a telescope of 
sufficient power, might be resolvable into its component satellites 
when in the former position, might, from such foreshortening, be- 
come irresolvable in the latter, though the separate satellites main- 
tained their relative positions unchanged. If such a flight of satel- 
lites could be traced in its motion from the longer to the shorter 
axis of the system, the discs of the component satellites would be 
seen gradually to approach, then to overlap each other, until, 
finally, all the dark spaces between them would disappear. If the 
satellites were not separately visible, such a flight would appear 
dusky in the former position, and would become gradually smaller 
and brighter, until in the latter position it would be as bright as the 
outer parts of the bright ring. Now the ring may be considiered 
as made up of flights of satellites ; and though the members of such 
flights in no case maintain their relative positions unchanged, even 
for a few seconds, yet the general average of density along any band 
of the ring remains tolerably uniform. Hence we can readily un- 
derstand that there should be a gradual increase in the brightness 
of the rings, whether the eye travels across their width from within 
outwards, or along any circle concentric with the outlines of the 
rings from the longer to the shorter (apparent) axis of the system. 
Further, as it appears impossible to offer any other explanation of 
these shaded spaces, we may conclude that in the inner bright ring, 
and probably in each member of the outer double bright ring, the 
distribution indicated actually prevails — that is, that the compo- 
nent satellites are crowded along the outer boundaries of the bright 
rings, and more sparsely distributed along the inner boundaries ; 
and that, although there maybe local irregularities — such as strips, 
along which for an interval satellites are more or less crowded than 
in the neighbouring spaces — yet, on the whole, the density with 
which the satellites are strewn increases gradually outwards in each 
bright ring. 

The appearances observed by Mr. Wray and M. Otto Struve, 
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which seem altogether inexplicable on either of the hypotheses 
before considered, may be readily explained on the supposition 
we are examining at present. For it is conceivable that the disturb- 
ing attractions of Saturn's outer satellite may draw the satellites 
composing the ring from the plane of Saturn's equator (or the mean 
plane of the ring), so that when the edge of the ring is turned 
to the observer the satellites thus disturbed present the nebulous 
appearance described. Furtner, tne more densely the satellites 
composing any part of the ring are crowded, the more eflScient will 
be their common action to check such disturbances ; so that the 
gradual increase in the width of these nebulous appendages, as they 
(apparently) approach the disc of the planet, is, perhaps, a further 
indication of the diminution of density inwards mentioned above. 
But this phenomenon may be satisfactorily explained in another 
manner : — The number of satellites at a given distance from the 
central plane of the ring must rapidly diminish as that distance 
increases; thus, when this dist»ance is very small, the disturbed 
satellites may be strewn with sufficient density to become visible 
near the extremities of the anssB, where the line of sight passes 
through a small range of satellites ; but that the sparsely strewn 
satellites at a greater distance from the central plane of the rings 
should become visible, it may be necessary that the line of sight 
should pass through a much greater range, — ^that is, should fall 
much nearer the disc of the planet. Thus, cleiarly, the apparent 
breadth of these appendages would be greater near the planet's 
disc, even though there were not an increase inwards in the num- 
bers of satellites disturbed from the mean plane of the ring. It is 
very probable, however, that there is such an increase, and .that the 
efifects resulting from both causes combine to render the peculiar 
apparent shape of these appendages more distinct than it would 
be if either cause operated alone. 

The investigation of the motions of a crowd of satellites travel- 
ing in rings about a central attracting globe, is a problem of too 
great complexity to be exactly resolved. If the motion of our 
moon is of so complex a nature that even yet all its inequalities 
have not been exactly determined, it will readily be conceived 
that a problem which deals with the motions of hundreds of moons. 
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disturbed by and disturbing each other, must lie far beyond the 
range of our most powerful modes of mathematical analysis. Even 
if we knew the exact size, shape, and position of each satellite, and 
the rate and direction of its motion at any instant, the exact in- 
vestigation of the subsequent motions of the system would still lie 
utterly beyond the grasp of the acutest human intellect. But of 
all those elements we are ignorant. All that we know certainly is 
that the bodies constituting the system are very numerous; we 
may also conclude from the analogy of other parts of the solar 
system that they are not uniform either in size or density. 

Notwithstanding the difficulty of the problem, and the uncer- 
tainty of all its conditions, highly interesting general results may 
be deduced from its consideration. 

And first, while we cannot assert that such a system is actually 
permanent, it is undoubtedly safe from sudden destruction. We 
speak of the orbits of our earth and of the planets as permanent, 
because, though they undergo various changes, these are oscillatory, 
and produce no lasting eflfect. But rings of satellites, subject like 
all the members of the solar system to numerous disturbing at>- 
tractions, and mutually disturbing each other, undergo changes of 
form that proceed continuously. Whether such development results 
in the destruction of the rings (as rings) is not certain. It appears 
probable, however, that under certain conditions the destruction of 
the rings might be indefinitely postponed. 

We may consider separately two forms of disturbance, chiefly 
due to the varying attractions of Saturn's eight satellites, but partly 
to the attractions of the other members of the solar system : each 
form of disturbance also generates the other, or modifies distiub- 
ances already existing. 

In the first place, the members of these rings will be subject to 
perturbations out of the general plane of the system. If it were 
possible to trace the motion of a single satellite, it would be found 
that its orbit has its ascending and descending nodes on the 
ring's plane, and (at each instant) a definite inclination to that 
plane. These elements of the satellite's orbit would be found to 
be continually changing ; the nodes at one time advancing, at an- 
other regreding — the inclination now diminishing, now increasing. 
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Considering the whole system, the result of these extra-planar mo- 
tions and their variations would be a series of waves, wrinkling (so 
to speak) both surfaces of the ring. These waves would vary in 
extent, and would move with various velocities — ^travelling neither 
directly across nor in circles concentric with the rings.* They 
would not of themselves produce any marked or permanent effects 
upon the extent of the rings, — that is, on their diameters internal 
and external. Their effects on the development of the system would 
arise chiefly from their influence in generating the form of disturb- 
ance next to be considered. But their effects on the appearance 
of the rings when the edge is turned towards the earth are, as we 
have seen, very observable ; for it is undoubtedly to such waves as 
these that the changes observed by M. Maradi and others at the 
disappearance of the ring, and the nebulous appearances already 
considered, are to be attributed. 

Secondly, the members of these rings will be subject to varia- 
tions in their distances from the centre of their gigantic primary. 
If a single satellite were tracked as before, it would be found that 
its orbit has its peri-satumium, and its apo-saturnium, and (at 
each instant) a definite eccentricity. These elements, like those 
just considered, would be found to vary continually; the line of 
apsides advancing at one time and regreding at another, the eccen- 
tricity now diminishing and now increasing. Considering the 
whole system the result of these variations would be a series of 
waves of concentration and dispersion.f These would travel 

^ It must be remembered that it is not the motions of the satellites themselTes 
that are here spoken of, but the motions of the waves of disturbance resulting from 
irregularities in the motions of those bodies. The two kinds of motion are as distinct 
as the motion of a wave on the ocean from the motion of the particles of the ocean ; 
the wave itself may travel hundreds of miles, while the particles whose successive mo- 
tions form the wave may not be displaced more than a few yards. 

t It is not to be understood that waves of this kind, and waves of the kind before 
considered, exist separately, and separately travel across or round the ring ; they are 
only considered separately to avoid confusion, but are in reality commingled, and their 
motions are varied and interchanged in inextricable combinations. If it were possible 
to view the rings from their common centre, waves of the kind first considered would 
be visible, apparently travelling round the ring; to an eye placed anywhere in the 
plane of the rings the same kind of waves would be seen, and their motions round 
and across the ring would both be visible. If the rings were viewed from a point 
in the axis of Saturn produced (so that they appeared as in the figures of Plate XII.) 
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neither directly across nor in circles concentric with the rings ; but 
it appeal's probable, from the formation of the system of rings, that 
there would be a continual tendency in waves of the kind we are 
considering to assume the form of circles concentric with the 
rings and travelling across their breadth inwards and outwards. 
Their eflfects on the appearance of the rings, viewed from the earth, 
would depend partly on the intensity attained by the wave, and 
partly on the density with which the satellites are strewn in the 
particular zone of the ring across which the wave is travelling. If 
the intensity of the wave is great and the satellites not very 
densely crowded, the transparent phase of the wave may be trace- 
able in a temporary division or dusky stripe.* Analysis shows 
that waves of this kind would produce a gradual but continuous 
increase in the breadth of the system of rings — the inner edge 
travelling inwards, the outer edge travelling, but much more 
slowly, outwards. These changes do not, of course, operate only 
at the edges, but throughout the breadth of the rings ; f probably 
their effects are smaller at the edges than elsewhere : however, it is 
clear that the only marked change visible to us must be the in- 
crease in the breadth of the system. 

waves of th© second kind would be visible as waves of transparency and opaqueness, 
travelling, in general, concentrically across the ring, inwards and outwards. A toler- 
ably exact notion of the disturbances to which the rings are subject may be obtained as 
follows : —Let a semi-transparent fluid be poured into a large circular plate of uniform 
colour until the bottom of the plate is just hidden ; if now this fluid be disturbed in 
any manner waves will be seen travelling across the surface, crossing and interlacing 
as they are reflected from the edges of the plate ; if the fluid be viewed, however, 
from above, these disturbances will appear as waves of colour (the colour of the plata 
and the colour of the fluid) ; if a motion of steady rotation be communicated to the 
plate by suspending it from a twisted string, the rotation of the rings, considered as a 
system, will be illustrated ; and it will be found that disturbances can be as readily 
communicated to the rotating fluid as to the fluid at rest. 

* It might be interesting to examine whether the temporary marks that appear 
on the rings have any motion across the breadth of the system in the intervals during 
which they remain visible. 

t It may be suggested as possible that in the great division of the rings we have 
the indication of a zone along which, at an early stage in the devfiopment of the 
system, the parts of the ring spreading outwards were separated fron^^ those spreading 
inwards. This division may possibly be still increasing in width. yThe division in 
the outer ring seems certainly to be increasing in width, since it becomes more dis- 
tinctly visible as the rings successively attain their greatest opening. 
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Let us examine the efifects of such increase at the inner and 
outer edges of the system, respectively. It is clear that both 
changes operate to increase the extent of the rings, and conse- 
quently, as the changes proceed, the satellites have more and more 
space for their movements ; but it also appears obvious that among 
satellites near the inner edge seeking smaller orbits collisions must 
be much more frequent than among satellites near the outer edge 
seeking larger orbits. Further disturbance would thus be con- 
tinually generated among satellites near the inner edge. The 
satellites no doubt move in the same general direction about 
Saturn, so that it is only the difiference of the velocities of two 
impinging satellites that comes into play at a collision ;* but the 
eccentricities of the orbits of the satellites may be very impor- 
tantly affected in this manner, and it is clear that a satellite 
which once begins to move in an orbit of considerable eccentricity 
must continually cause fresh disturbances, until either its orbit is 
altered to a form of less eccentricity or it falls upon the planet. 
The general effect of such collisions would be that (after the lapse 
possibly of many ages) numbers of satellites originally travelling 
in orbits nearly circular would pursue eccentric orbits. There 
would still remain a tolerably well defined inner edge ; but these 
orbits would lie partly within and partly without its circle. It 
appears probable that after a time this process would be checked 
by the formation of a new ring within the original inner boundary 
of the system, and that the orbits of the satellites composing this 
new ring would gradually become less and less eccentric. After a 
further lapse of time, however, the inner edge of this ring would 
begin to undergo a series of like changes, ending in the forma- 
tion of a new ring within it, — and so on continually, or until the 
process were checked or assumed new forms through the approach 
of the rings to Saturn's equator. The inner edges of outer rings 
would probably be liable to similar changes, proceeding, however, 
much more slowly. 

* The satellites composing the system being bodies of imperfect elasticity, there is 
at every collision a loss of a part, ho^veyer small, of the ' vis viva * of the system, and a 
corresponding generation of heat. The * angular moment* of the system about Saturn 
is not, however, affected by collisions. 
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We have seen that the appearance of the rings, and their changes 
of form, correspond with the results detailed above. The interior 
diameter of the system is continually diminishing : two distinct 
rings are visible, and there are indications of the approaching 
formation of a third ring within them ; the outer ring, also, is 
divided into two rings separated by a comparatively narrow in- 
terval. The exterior diameter of the system has not perceptibly 
increased. This, however, may be accounted for in two ways : — 
first, the change of this element would not be easily detected, since 
analysis shows that such change would be very small compared 
with the variation of the inner diameter of the system ; and, 
secondly, it is not impossible that the existence of a resisting 
medium checks the outward and encourages the inward growth, of 
the rings. It is probable that when the rings are again open to 
their full extent (or in the year 1870), the development of the 
dark ring will be found to have made great progress, and that 
the inner parts of the inner bright ring will appear much darker 
than at present. It is not impossible that the disintegration of the 
inner bright ring (the progress of which is shown by the gradual 
increase of the dusky elliptical spaces at the ends of the longer 
axis of the dark ring), may be found to have resulted in the 
formation of a new dark ring. The dark ring will probably be 
wider or brighter, possibly both ; perhaps even traces may be dis- 
cernible of the approaching transformation of the dark ring into a 
new inner bright ring separated from the neighbouring bright ring 
by a well-marked division. 
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CHAPTER VI. 

THE * GREAT INEQUALITY' OF SATURN AND JUPITER. 

After the discovery of the three laws of Kepler, the motions of 
the planets were diligently watched by astronomers, and compared 
with the motions due to those laws. The comparison was con- 
ducted still more carefully when it became apparent that the law 
of gravitation could be established or confuted by such observa- 
tions alone. Before long a singular discrepancy was detected in 
the motions of Saturn and Jupiter : — Saturn's period, instead of 
being constant, appeared to be continually diminishing; Jupiter's 
period, on the other hand, seemed to be continually increasing. It 
appeared, further, that Saturn's period was in excess of his mean 
period (calculated according to Kepler's laws, or, more strictly, ac- 
cording to the laws of gravity), while Jupiter's period was less 
than his mean period. Accordingly, the observed changes were 
operating to restore the two periods to their respective mean 
values. Until this restoration should be effected, it is clear that 
Saturn was gradually falling further and further behind, Jupiter 
getting further and further in advance of his calculated place. 
Near the end of the eighteenth century, the periods of the two 
planets were restored to their mean values ;* and since that time 

*■ See Table IX., Appendix II., and explanation. A slight error may be noticed 
in Sir J. Herschel's account of the great inequality. He describes Saturn's period as 
increasing during the seventeenth century, Jupiter^s period as diminishing ; and he 
adds — * In the eighteenth century a process precisely the reverse seemed to be going 
on.' It will readily be seen from Table IX. that the changes in the periods have 
proceeded in the same direction from the middle of the sixteenth century to the present 
time ; they will continue to proceed in that direction for more than a century. 

The correction applies to the first edition of the work in question. Probably this 
error, and one or two others mentioned in these pages, have been corrected in later 
editions. 
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Jupiter's period has continued to increase and Saturn's to diminish. 
Jupiter's period having thus become greater than his mean period, 
he has been continually losing more and more of his surplus pro- 
gress in longitude; while Saturn, whose period has become less 
than his mean period, has been continually working off (so to 
speak) his arrears of longitude. Thus both planets are approach- 
ing, but many years will elapse before they actually reach, their 
mean places. 

For a long time these changes threw doubt on the law of gravi- 
tation. Astronomers were aware that mutual attractions caused 
the planets to deviate from the simple elliptic orbits traced out by 
Kepler. But these disturbances— it appeared to them — must be 
oscillatory, and the period of any such oscillation not very great. 
Thus, when it appeared that the changes in the motions of Jupiter 
and Saturn were proceeding for centuries in the same direction, 
grave doubts began to arise as to the truth of a theory with which 
those changes seemed so discordant. To Laplace is due the honour 
of removing these doubts, or rather, of making the discrepancies * 
from which they arose the means of confirming the Newtonian 
doctrine. He showed that the observed changes are due to a 
certain relation between the periods of Saturn and Jupiter, which 
will presently be pointed out. Before giving an outline of Laplace's 
explanation, however, it will be necessary to examine, — the various 
elements of a planet's orbit which admit of change, the effect (if 
any) of the change of each element in altering the period of the 
planet, and the natures of the disturbing forces that produce such 
changes. 

The elements to be considered in examining the orbit of a 
planet are, — the major axis, the eccentricity, the position of the 
line of apsides, the inclination of the^plane of the orbit to a fixed 
plane, and the position of the line of nodes on that plane. That 
is, these elements being known, we know the orbit in which the 
planet would continue to move, if undisturbed. But, owing to the 
mutual attractions of the various parts of the solar system, every 
one of these elements is in a state of continual variation. The 
major axis, eccentricity, and inclination of each orbit, vary within 
narrow limits, by several variations, which have periods of different 

K 
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length. Againi the changes of each of these elements react on 
the others, the varying influences producing such changes com- 
mingle their eflFects, and the diflFerent cycles are blended and inter- 
changed in apparently inextricable combinations. The positions 
of the apsidal and nodal lines are similarly subject to various 
changes, but the resulting variations in these elements are not 
confined within limits. On the whole, these lines travel continually 
round the orbit, and (except in the case of Venus) in oppo- 
site directions, but for short periods these motions are reversed. 
These changes also act on, and are reacted on by, the changes in 
the other elements.* 

Now, it appears from the third law of Kepler that the period of 
a planet depends solely on the length of the major axis of its 
orbit. So long as this element remains unaltered, no variations in 
the eccentricity or inclination of the orbit, or in the positions of 
the nodal and apsidal lines, can have any efiect in altering the 
period of the planet ; and although, as has been stated, no varia- 
tion can take place in any one of the elements without some in- 
fluence on every one of the others, yet perturbing attractions, 
whose dii'ect efiect is to alter any of the other four elements, and 
which affect the major axis of the orbit only by the transmitted 
infiuence of such alteration, have little efiect in modifying the 
period of the planet, compared with forces whose influence di- 
rectly operates to alter the length of the major axis. Let us 
consider what are the elements of a planet's orbit on which per- 
turbations of different kinds have the greatest influence. 

Let the ellipse apj^B in each of the figures 1, 2, 3 of Plate X. 
represent the orbit of a body revolving according to the law of 
gravity about an attracting mass at s, a focus of the ellipse, — a A 
being the major axis, c the centre, and h the other focus of the 
ellipse. 

* The secular inequality of the moon affords an excellent illustration of the inter- 
change of effects alluded to in the above paragraph. Though the planets exercise but 
little direct control over the moon's motion, it is to their attractions this inequality is 
really due — ^the influence of those attractions on the eccentricity of the earth's orbit 
being propagated to the orbit of the moon. Singularly enough, the direct effect of this 
influence is scarcely perceptible, while the transmitted effect is so marked that it was 
detected long before its cause was recognised. 
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First, let us suppose that when the body reaches the point j? it 
receives, an impulse in the' direction j? G (fig, 1) perpendicular to 
the tangent tpt' at p, and in the plane of the orbit. This im- 
pulse, being applied in a direction perpendicular to the direction 
of the body's motion, cannot influence the body's velocity esti- 
mated in that direction, so that if at the end of a small interval of 
time the body undisturbed would have been at g, it will at the end 
of that interval, under the actual circumstances, be at some point 
g', so situated that qq^ iB parallel to pOr. Now, the impulse must 
be considered as sufficient only to produce a very small velocity 
in the direction in which it is applied compared with the original 
velocity of the body ; * thus, q q* (the displacement due to that 
impulse) is small compared with p q, and since pqq' may be con- 
sidered as a right-angled triangle, it follows that p q^ is very little 
greater than p q ; and therefore the velocity of the body in moving 
along p q^y is very little greater than the velocity with which, if 
undisturbed, it would have moved along pq in the same time. The 
full eflfect of the impulse, however, clearly operates in altering the 
direction of the body's motion. Now, one of the properties of 
elliptic motion under the influence of gravity is, that, if the velo- 
city is known with which a body is moving when at a given dis- 
tance from the centre of motion, the major axis of the ellipse in 
which the body moves is determined — altogether irrespectively of 
the direction in which the body may be moving at the time. It 
plainly follows that any disturbing force which only influences the 
direction of a body's motion will not at all aflfect the length of 
the major axis of the body's orbit ; and a disturbing force which 
chiefly influences the direction of motion will very little affect the 
length of the major axis. Thus the period of the body whose 
motion we are considering is very little modified by an impulse in 
the direction p G. It follows in the same manner that an impulse 
in the direction p a', which would make the body move in the di- 
rection p ^\ would have very little effect on the period of the body. 
The influence of such disturbances chiefly affects the eccentricity 

of the orbit and the position of the apsidal lines. In the first case 

t 

. * Sinee the perturbations which the effects of such impulse are intended to illustrate 
are small compared with the actual motions of the planets. 

K 2 
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considered the body would proceed to describe an orbit p K'ufa^ 
of less eccentricity than J9 ABa, and having its line of apsides aV in 
advance of a A ; in the second case the orbit p h!'^''al' subsequently 
described by the body would be more eccentric than pAsa, and the 
line of apsides a!'h!' would be behind a a.* Into such changes, how- 
ever, it is not necessary for us now to inquire, since the period 
of the body, with which alone we are at present concerned, is not 
affected by them. 

Secondly, let us suppose that when the body reaches the point p 
it receives an impulse in the direction ^p G (fig. 2) perpendicular to 
the plane of the orbit a'p A. In this case, as in the former, the 
impulse does not influence the velocity of the body estimated in 
the direction in which it was originally moving ; so that if at the 
end of a small interval of time the body undisturbed would have 
been at y, it will, under the eflFect of the impulse, reach some 
point c^ (at the end of that interval of time), such that c[q 
is parallel to j3 G. And, as in the former case, since g 3' must be 
small compared with j9g, and since j5??' is a right-angled 
triangle, j9g' must be very nearly equal to 'pq^ and therefore 
the velocity of the body is very little aflfected by the impulse 
received. Hence such an impulse very little affects the length 
of the major axis of the orbit, or .(therefore) the period of 
revolution. And, similarly, an impulse applied in the direction 
J9 g' would have very little effect on the period of revolution of 
the body. The influence of such disturbances will chiefly affect 
the plane of motion of the orbit. In the first case considered 
the body would proceed to revolve in some orbit j^A'fl'a', of 
which the part j9 A'r (j9 r being a straight line through s) would 
lie above the plane of the original orbit ; and in the second case 
the body would move in an orbit p h!^ii!'Ql\ of which the part p a'V 
would lie below the original orbit. In both cases the line p s r 
would be the line of nodes of the new plane of motion on the 

* Such are the changes if the body is at 'p when the respective impulses are ap- 
plied. The effects of such impulses on the eccentricity of the orbit would vary with 
the position of the body at the moment they were applied. It may easily be shown 
that the points c, (/, d\ the centres of the three orbits, lie on the circumference of a 
circle about l, the bisection of S|7, as centre; and the points h, h', h", foci of the orbits, 
on the circumference of a circle about p as centre. 
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original plane: and clearly such changes could not take place 
without aflfecting the inclination of the plane of the orbit to any 
fixed plane adopted as a plane of reference, and the position on 
such a plane of the line of nodes of the orbit. With such changes, 
as they would not aflfect the period of the body, we are not at 
present concerned. 

Lastly, suppose that when the body is at p it receives an impulse 
in the direction p a (%. 3) along the tangent line tp If. In this 
case, since the impulse is applied in the direction of the body's 
motion, its whole effect operates to increase the velocity esti- 
mated in that direction. Thus, if at the end of a small in- 
terval of time the body undisturbed would have reached the point 
g, it will, under the effect of the impulse, reach some point q\vx 
that interval of time), such that q q' is parallel to p if ; therefore 
the velocity of the body must have been increased, since the arc 
p q' is clearly gi-eater than the oxcpq. Thus the effect of such an 
impulse is to increase the major axis of the orbit, and therefore the 
period of revolution. The body will proceed to describe some orbit 
p A'fi'a', to which the line tp V will still be a tangent ; and a'k\ the 
new major axis, will be greater than and in advance of a A. Simi- 
larly it may be shown that if the impulse were applied in the 
direction pa', the body would proceed to describe some orbit 
2>a''b'V^ having a major axis of'h!' less than and behind a A, 
and to which tp if would still be a tangent.* So far as the position 
of the line of apsides is concerned, these effects would vary with 
the position of the body at the moment the impulse is applied ; 
but as regards the length of the major axis> it is clear that, where- 
ever the body may be in its orbit, an impulse applied to it in the 
direction of its motion increases the major axis of the orbit, and 
therefore the period of revolution of the body, while an impulse 
applied in the opposite direction diminishes the major axis and the 
period of revolution. Thus we have the apparently paradoxical 
result that an impulse whose immediate effect is to accelerate the 

* In tlie case illustrated by fig. 2, the points c',c, d\ and h',h, h", lie in lines very 
nearly straight and perpendicular to the plane of the orbit. In the case of fig. 3, the 
points d^c^ d\ lie in a straight line with l, the bisection of s^ ; and the points h',h, h", 
in a straight line with p. 
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motion of the body diminishes its mean angular velocity about s 
(since the period is increased), while an impulse retarding the 
body's motion increases its mean angular velocity about s.* 

Let us apply these results to the actual forces operating to 
disturb the planetary orbits. Jj^t pn%p'^v' (fig. 4, Plate X.) 
represent parts of the orbits of two planets (which we may call, 
respectively, f and p^) revolving about s, the sun ; and let the plane 
of the orbit p n'p intersect the plane of the orbit p^N p' in the line 
s n'N, so that the part n'p of the first named orbit lies above, the 
part n'jp below, the orbit p'NP'; suppose further that both the^ 
planets are moving in the same direction (indicated by the arrows 
at py p'). Let p, p<, be simultaneous positions of the two planets 
and join p p' ; then the attraction of the planet p' operates in direc- 
tion p p', and is inversely proportional to the square of the distance 
p p'. Now we are seeking to learn the effect of the attraction of the 
planet p' in disturbing, not the actual motion of p, but the orbital 
motion of p about s. Plainly, therefore, we must take into account 
the attraction of p' on s, for it is only the difference of p"s attrac- 
tions on p and s respectively, that can affect the orbital motions 
of p about s. In the actual configuration represented p' is &rther 
from s than from p, and therefore the attractive force of p' is less 
on s than on p, in the inverse proportion of the squares of the 
distances s p' and p p'. If, then, we represent the attractive force of p' 
on p by the line P p', the attractive force of p' on swill be correctly 
represented by the line p'Z, along p's, if p7 bears to p p' the same 
proportion that the square of P p' bears to the square of s p'. Let 
fvthe the tangent at P to the orbit p n% and draw P G perpendicu- 
lar to ^' P ^ in the plane of that orbit ; from p draw p k perpendicular 
to the same plane ; from p' draw p'm parallel to p a to meet the 
plane f p k in m, and from m draw m k parallel to if Ft Then the 
attractive force of p' on p, represented by the hne p p', may be re- 
solved into three forces, represented respectively by the lines p k, 
km, and mp'; the first of these forces is of the kind illustrated in 

* Encke's comet affords an illustration of the effect of a force acting at every instant 
in the direction of the tangent to the orbit of a body. The motion of this comet 18 
continually retarded (probably owing to the resistance of the aether occupying space), 
yet its mean angular velocity about the sun is continually increasing as its period of 
revolution decreases. 
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fig. 2, that is, is perpendicular to the plane of the orbit; the «econd 
is of the kind illustrated in fig. 3, that is, is tangential to the orbit ; 
and the third is of the kind illustrated in fig. 1, that is, is normal 
to the orbit Similarly the force represented by the line I p' may 
be resolved into three loyoriy and n p', respectively parallel to p X^ 
k m, and m p'. Thus, in the configuration represented by fig. 4, the 
actual disturbing force perpendicular to the plane of p's orbit is 
represented by the diflference of the lines p k, and I o, and acts down- 
wards; the tangential disturbing force is represented by the diflference 
of the lines k m and o n^ and retards P*s motion ; and the normal 
force* is represented by the diflference of the lines p'm and p'n, and 
tends to draw p outwards, or from s. In a similar manner we can 
determine the disturbing forces in any other confliguration: they are 
found to vary both in magnitude and direction, according to the 
configuration, and there are certain points at which on« or other 
disappears altogether. It is not necessary, however, to examine all 
these variations, for we have seen that it is chiefly with the tangential 
disturbing force that we have to deal in examining the changes of 
a planet's period. Further, since the inclinations of the planes of 
the planetary orbits to each other are small, we can simpUfy 
the preliminary inquiry, without introducing sensible error, by 
supposing our illustrative orbits to lie in one plane. 

Suppose, first, that both the orbits are circular (fig. 5, Plate X.), 
and consider the eflfect of the tangential disturbing force of a planet 
(which let us call q), supposed to be stationary at Qj, while a 
planet (which we may call p) performs a revolution about s in the 
orbit Pi Pg P3 P4. Let Qi Pg s p^ be a straight line ; and let a circle 
about Qi as centre, and at distance Qj s meet the circle Pj p, P3 P4 in 
the points Pj, Pj. Then, in the first place, it is clear that the tan- 
gential force vanishes when the planet p is at p^ or p^, since the 
tangents at these points are at right angles to the line Qi s P4 ; and 
in the second place, the tangential force vanishes when the planet 
p is at Pi or P3, since at these points q exerts an equal attractive 
force on the sun at s and on the planet p, f and further, the lines 

* Since F a always passes veiy near sin the planetary orbits, which are very nearly 
circular, the third force may be called the radial force, 
t It must be remembered that in this case, and in all siaiilar oases, the masses of 
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s Qi and PiQp or P3Q1, are plainly inclined at equal angles to the 
tangent at Pp or P3, respectively, and thus the tangential parts of 
those equal attractive forces are equal, and their effects (so far 
as p's orbit relatively to s is concerned) neutralise each other. 
Again, in the arc V{P^j the tangential disturbing force plainly 
accelerates p's motion, for p is nearer than s to Qj, and the angle 
at which s Qj is inclined to the tangent at any point of this arc, is 
greater than the angle at which the line from Qi to p is inclined to 
such tangent ;* thus the tangential disturbing force on p is greater 
than that on s, and as it plainly acts towards Pg, p's motion about s 
is accelerated in the arc F{Py In exactly the same manner it may 
be shown that the tangential force is greater on p than on s while p 
moves from p, to Pg, and as it acts towards Pj, p's motion is retarded 
in the arc PgPg. In the arc P3P4, p's motion is accelerated ; for p is 
farther than s from Qp and the line from q^ to any point of this arc 
is inclined at a greater angle than the line Q^s to the tangent at that 
point ; t thus the tangential disturbing force is greater on s than on 
p, and as this force on p plainly tends from P3, or acts as a retarding 
force, while the force on s acts in the opposite direction, as far as p's 
motion about s is concerned, or acts as an accelerating force, the 
latter eflfect predominates and p's motion is accelerated in the arc 
P3P4. Lastly, it may be shown in exactly the same manner that 
p's motion is retarded in the arc p^Pj. 

Now it is perfectly clear that in describing any number of 
complete revolutions about s, the accelerations and retardations of 
p would neutralise each other, and that thus on the whole p's 
period would not be affected by the attraction of q. For in moving 



the attracted bodies have not to be considered, any more than the mass of a falling 
body has to be considered in determining the time of failing. The amount of the at- 
tractive force actually exerted by q on js (in the case supposed) would of course greatly 
exceed the amount exerted by q on p ; but the mass of s exceeding the mass of p in 
the same proportion, the eiffects of those unequal attractive forces are exactly equal. 

♦ This will plainly appear if a tangent be drawn at any point p of the arc p, v^; the 
angle that s q^ maJkes with this line is the exterior angle of a triangle, of which the angle 
that F Qj makes with the same line is an interior and opposite angle. 

t This will appear by drawing lines as described in last note. To avoid con- 
fusion these lines are not introduced into figure 5. In the case of a point in the arc 
P3 P4 the line from p to a^ forms with the tangent at p the exterior angle of a triangle, 
of which the lines q^s and the same tangent form an interior and opposite angle. 
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from Pi to Pj,* p would be accelerated and his orbit disturbed ; in 
moving from Pj t6 P3 he would be retarded, and the original form of 
his orbit restored ; and similar counterbalancing effects would be 
experienced in the arcs P3P4 and p^p^ ; so that on the whole p 
would arrive at p in the same time as if his orbit had not been 
disturbed, and if Q were then suddenly removed, p would proceed 
to describe a circular orbit. This exact counterpoise of efifects will 
not be disturbed if we suppose q, instead of remaining fixed, to 
move at a uniform rate in the orbit Q1Q2Q3Q4. The only effect of such 
motion is an equal increase of each of the arcs PjPg and PjP^, and 
a greater but still equal increase of each of the arcs PgP^ and p^Pj. 
Thus, supposing p to start from Pi, and Q from Qp at the same instant ; 
that they are in conjunction along the line Sj929'2 5 ^^^ ^^^^ Q ^^ 
^3 is equidistajit from s and p, p being then at p^ ; — then, from the 
uniform motions and circular orbits of p and q, it follows that the 
arcs v^p^and p^P^ ^^ equal, and that the accelerating effects of q*s 
action on P in the first arc is exactly counterbalanced by q's retard- 
ing action on p in the second arc. And similarly if (continuing 
their motions) Q and P are in the same line with s when at q^ and 
2>4, respectively ; and if q at q^ is equidistant from s and p (at p^) ; 
the arcs p^p^ and p^p^ are equal, and the accelerating and retard- 
ing effects of Q on P in these arcs, respectively, exactly counter- 
balance each other. 

But now let us suppose one, or other, or both of the orbits to 
be elliptic. If, first, we suppose q at rest, the orbit of p elliptic, 
and the perihelion or aphelion at Pg, we plainly get the same 
counterbalancing series of effects as in the former cases. But if 
the line of apsides have any other position than PjP^ the disturbing 
effects of Q on p will not be equally balanced in the course of a 
complete revolution of P about s. Thus, suppose that2>5 is the 
perihelion of p's orbit: then, in the first place, the tangential 
disturbing force no longer vanishes at the points Pj, Pg, P3, and p^ ; 

* p would not actually move from p^ to Pj, but in a disturbed orbit that would cany 
him to a point between Pj and Qj ; and so of the other arcs, the orbit of p relatively to s 
passing through the points p, and P3, but outside the points Pj and p^. Thus the more 
exact mode of expression would be, ' in moving from Pj to the line Pj q^/ and similarly 
for the other arcs. Such a mode of expression would, however, be inconvenient, and 
that adopted in the text is, as explained, sufficiently intelligible. 
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for the tangents to the orbit of p at the points p^ and p^ are not 
at right angles to the line QiPjS p^, and the lines QiPj and QiPg 
are not inclined equally with Q^a to the tangents at v^ and p, 
respectively. But neglecting this consideration (as we may safely 
do if the orbit of P is supposed to be very nearly circular, so that 
the actual points at which the tangential force vanishes lie very 
near the points p^ Pg, p,, and P4) we have in the circumstance of 
p's elliptic motion a more serious disturbing cause. For p passes 
his perihelion point in the arc PjPg, and thus moves more rapidly 
over this arc — ^in which, as we have seen, his motion is accelerated — 
than over the arc p^Pg in which his motion is retarded. Thus these 
disturbing effects no longer compensate each other, the retardation 
exceeding acceleration. On the other hand, ^ince the aphelion of 
p's orbit lies in the arc PgP^, p passes over this arc in which his 
motion is accelerated, more slowly than over the arc p^Pj in which 
his motion is retarded. The acceleration in the arc P3P4, therefore, 
exceeds the retardation in the arc p^Pj. Thus, whereas in moving 
over the arc P1P2P3, p's motion on the whole was retarded, in 
moving over the arc P3P4P1, his motion on the whole is accelerated.* 
These effects acting in opposite directions, produce a partial, but 
(unless p's orbit be exactly adjusted in a certain mean position) not 
a complete compensation ; and wherever we suppose the perihelion 
of p's orbit to lie, an outstanding retardation or acceleration would 
remain after each revolution, and these disturbances always opera- 
ting in one way, p's period would continually increase or diminish, 
and his orbit would be continually more and more disturbed from 
its original figure. 

But now let us suppose that q, instead of remaining stationary, 
travels uniformly round the circle QiQ2Q8Q45 P describing several 
revolutions in the meantime in his elliptic orbit. Then it is clear 
that for a single revolution of p the above considerations hold 
good, and that p's period is retarded or accelerated by q's attrac- 

* These effects are partially modified by changes of p's distance from s. It may be 
mentioned that any difference in p's distance from q due to this cause produces its fall 
effect in modifying q's disturbing influence ; whereas, in the next case considered, only 
a part of the effect of q's change of distance from p's (xrbit operates : for in approach- 
ing p's orbit Q is also approaching s, and vice versd ; and it is .to the difference of q's 
attractions on p and s. that q's disturbing effects are due. 
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tion, and his orbit modified. But in the course of several revolu- 
tions different parts of p's orbit are successively presented to q as 
Q travels onward in his orbit; hence q's disturbing effects are 
altered, accelerations replacing retardations, or vice versa ; and on 
the whole, when q has completed a revolution, p's period and orbit 
are but little disturbed. A small outstanding disturbance, how- 
ever, necessarily remains, since q's conjunctions with p have 
happened opposite particular points of p's orbit, and though 
compensating effects have taken place in different synodical revolu- 
tions, the compensation (save under an exceptional adjustment 
of p's orbit) is not eooact Now, if at the beginning and end of 
such a single revolution of q, q and p are in conjunction, 
then in the next revolution of Q a similar series of disturbing 
effects win be produced by Q on p's orbit and period, and so on 
continually (or at least until the modification of p's period prevents 
the uniform recurrence of conjunctions along or near the same 
line) ; thus p^s orbit and period would in this case, also, be 
permanently modified, though not so rapidly as when q is supposed 
stationary. Similar permanent effects would be experienced if p 
and Q returned to conjunction after two, thre^ four, or any exact 
number of revolutions of q. The greater the number of q's 
revolutions in such a cycle the smaller would be the out- 
standing disturbance of p's orbit at the end of the cycle. But in 
the course of many cycles such disturbances, acting always in the 
same way, must produce permanent and observable changes in p's 
period and orbit. In the case only in which the periods of p and 
Q are incommensurable, so that these bodies never return to 
conjunction along the same line, no permanent disturbance will 
accrue. 

Next, let us consider the effect of an ellipticity in q's orbit, and 
suppose p's orbit circular. Let the perihelion of q's orbit be at q„ 
and q's motion near perihelion such that as p moves from Pj to p^y 
Q moves from Qj to q^ Then, since q's motion gradually becomes 
slowa: as Q moves from perihelion, it is clear that the arc p^p^ 
passed over by p before p and s are equidistant from Q at q^ does 
not so greatly exceed the arc P2P3 (similarly passed over by P when 
Q was considered stationary), as it would if q moved over the arc 
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?2?3 ^^^^ *^® greater mean velocity belonging to q in the arc Q^ q^ ? 
thus the arc p^Tz ^^ ^^^^ ihd^n the arc Pjj^g : and further, QjS dis- 
tance from p's orbit is continually increasing as Q leaves Qj. On 
both accounts, the retarding effect of q's action in the former 
arc is less than the accelerating effect in the latter arc. Since q's 
motion continues to diminish, and his distance from p to increase, 
it is clear that q's retarding effect as p moves over the arc p^TP^^ 
will be less than q's accelerating effect as p moved over the preced- 
ing arc 353P4; or again there remains a balance of retardation. 
And so long as q's motion continues to diminish, and his distance 
to increase — that is, until Q has reached aphelion at Q3 — p's motion 
will be accelerated in each synodical revolution of the two bodies. 
By parity of reasoning, it follows that so long as q's motion con- 
tinues to increase, and his distance from p's orbit to diminish, after 
aphelion passage — ^that is, until Q is again at Q^ — p's motion will 
be retarded in each synodical revolution. The final result would 
not, however, be a complete compensation in a single revolution of 
Qi, in this, any more than in the former case. Some outstanding 
acceleration or retardation would remain at the end of each revolu- 
tion of Q, and permanent disturbing effects on p's orbit and period 
would accrue in this case as in the last, unless the periods of p and 
Q were incommensurable. 

Similar reasoning holds when the orbits of both p and Q are 
elliptical; but the tangential disturbances which operate according 
to the vai-ying positions of p and Q, are somewhat more varied and 
complex. The effects due to the ellipticity of p's orbit may either 
cooperate with or partly neutralise those due to the ellipticity of 
q's orbit ; bUt there will not be a complete compensation of effects, 
either in any single revolution of p, or in several revolutions of p 
taking place during a single revolution of q. And, further, if the 
periods of P and Q be commensurable, so that after a certain num- 
ber of revolutions they return to the positions they had respectively 
occupied at first, there will remain an outstanding disturbance of 
p's period at the end of such cycle of revolutions, whose amount 
will depend partly on the eccentricities of the orbits of P and Q, 
and partly on the number of revolutions of p and Q, respectively, 
which may occur in each cycle* Thus, if V{^^^^ and Q1Q2Q3Q4 
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(fig. 6, Plate X.) are the orbits of v and Q about s, and Cp and Cq 
the respective centres of those orbits, it is clear that the irregulari- 
ties of the tangential disturbance will depend on the distances s Cp 
and s Cq or rather on the proportions borne by these distances to CpP^ 
and OqQa, the respective major semi-axes of the orbits of p and q ; and 
consequently the outstanding effects resulting from those irregu- 
larities after a given number (supposed very great) of revolutions 
of Q, during which such irregularities have been sometimes acting 
one way, sometimes another, more or less efifectively — must also 
depend in some degree on the eccentricities of the orbits of p and Q. 
But the circumstance on which that eflfect mainly depends is the 
relation between the periods of p and Q. If these are commensur- 
able, then after one, two, or more revolutions of q, the series of 
disturbances that had been operating during such revolutions, and 
which had left a certain outstanding eflfect, will be repeated, and so 
on continually, so that the resulting outstanding eflfects are accu- 
mulated, and p's orbit and period permanently aflfected. The greater 
the number of revolutions of p and q that occur before such exact 
reproduction of a series of disturbances, the smaller will be the out- 
standing effect of such a series, for there must occur a greater 
variety in the modes in which q is presented to the orbit of p. 
Thus, if at the end of only one revolution of q, p and Q return to 
conjunction along the line from which they had started, the eflfect 
outstanding will be greater than if two revolutions of q occur before 
such exact coincidence ; the eflfect in the latter case will be greater 
than if three such revolutions occur ; and so on continually. And 
again, in any of these cases the eflfect will diminish as the number 
of revolutions made by p in each cycle increases.* 



* It may be remarked here that even if two planets were moving at any instant so 
that their periods would be exactly commensurable if they were not disturbed by their 
mutual, or by extraneous, attractions ; yet, being so disturbed, their periods would no 
longer remain commensurable. Thus, even if some simple relation of commensura- 
bility existed between the periods of two planets at any instant, it is quite possible 
that disturbances which would at first be accumulative, each cycle adding to the 
amount, would at length effect their own removal, by destroying the simple relation of 
commensurability to which they were due. The period necessary to effect such a 
change would, however, be far greater than the greatest cycles (so far as our system is 
concerned) with which astronomers have to deal ; and it is questionable whether the 
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We have been considering hitherto the disturbing effects of a 
planet external to the disturbed planet. This case is more conve- 
nient for illustration than the case of a planet disturbing an external 
planet, but the reasoning in the latter case is exactly similar. There 
is no occasion, however, to consider this case separately : for, since 
action and reaction are equal and opposite, the internal planet exerts 
precisely the same force to retard or accelerate the external planet 
as the latter exerts to accelerate or retard the former. The effects 
of such equal and opposite forces, so far as changes of orbits and 
periods are concerned, may be very different, since such effects will 
plainly depend on the relative masses and orbits of the two planets ;* 
but whatever outstanding effects of disturbance may appear after a 
given time in the orbit and period of one, corresponding opposite 
effects will appear in the orbit and period of the other. Thus 
we are able to apply the results just obtained to disturbances of 
the period either of Saturn or Jupiter, produced by the mutual 
attractions of these planets. 

No simple relation of commensurability exists between the 
periods of any two planets ; f but in one or two instances we meet 

amount of disturbance aceumulated before such change be^n to operate would not so 
far modify the orbits thus related that the inhabitants of the two planets would be 
affected injuriously, if not destroyed. 

* We were able in considering the disturbing effect of one body on each of two 
others to neglect the masses of these latter ; but in considering the effect on each of 
two bodies of the mutual attraction between them the masses must be taken into ac- 
count. In the former case the attraction of the disturbing body on the disturbed 
bodies varied as their masses. In the latter case, the same force is exerted on each — 
namely, their mutual attraction : the effect of such attraction will plainly be greater 
on the body of smaller mass. As an instance of the kinds of action considered : — One 
man can pull a given mass at the same rate as ten men, of the same strength as the 
first, can pull a mass ten times as great ; but if one man were to pull at one end of a 
rope while ten men of equal weight pulled at the other end, on a smooth and horizontal 
surface, the ten would prevail against him by superior weight, even though his strength 
exceeded their united strength, for the united strength of the eleven produces a tension 
along the rope which acts equally on the unequal masses at the two ends of the rope, 
and therefore prevails on the smaller. Obvious as such considerations may appear, 
they are frequently lost sight of by the student of astronomy, and a difficulty is felt in 
conceiving why, in one case, the mass of a body is not considered at all, while in ano- 
ther case it is one of the chief points of inquiry. 

t It is not correct to say that the periods of the planets are absolutely incommen- 
surable: a set of quantities which, like the planetary periods, undergo continuous 
(however small) changes of increase or diminution, must at times have commensurable 
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with an approach to such a relation, and consequently find an 
approach to those progressive perturbations which, as we have 
seen, would result from simple relations of commensurability. In 
the periods of Jupiter and Saturn there exists an approach to the 
following very simple relation : — ^That two periods of the exterior 
planet should be equal to five periods of the interior planet. The 
statement of the actual relations of the periods of Jupiter and 
Saturn is generally presented somewhat as follows : — Five periods 
of Jupiter amount to 21,662*9240 days, and two periods of Saturn 
amount to 2 1,5 18*4394 days ; the former interval exceeds the latter 
by 144*4846 days. Hence, supposing the two planets to start from 
conjunction, Saturn would reach this line the second time (that 
is, after passing it once) 144*4846 days before Jupiter reached it 
the fifth time (that is, after passing it four times). In 144*4846 
days Jupiter describes 12° 0'*7 about the sun, so that when Saturn 
reached the original line of conjunction Jupiter is about 12*^ be- 
hind. On the other hand, Saturn in 144*4846 days describes 
4° 5(y*4 about the sun, so that when Jupiter has reached that 
line Saturn is not quite 5*^ in advance. Thus the two planets are 
very near, but have not quite reached, conjunction. Jupiter's 
daily mean motion of 4' 59''*3 exceeds Saturn's daily mean motion 
of 2' (/'•6 by 2^ 58''-7, — this is Jupiter's daily (mean) angular 
gain ; Saturn has a start of 4° 50^*4, and this angle contains 
2^ 58^^*7 rather more than 97^ times : thus, Jupiter will over- 
take Saturn, or they will be in conjunction, 97^ days after 
the passage by Jupiter of the original line of conjunction, or 
21,760*4 days from the time of that conjunction.* In this in- 
terval of 97i days, Jupiter, with a mean daily motion of 4^ 59^^*3, 
describes 8° 6'*4 about the sun, by which angle, therefore, the 
line of this conjunction is in advance of the original line of 
conjimction. This mean value will be of use presently in deter- 

values. The tnce mean periods of the planets may be absolutely incommensurable, 
but they are not known to be so, since they are not exactly determined. It is suffi- 
cient, however, to prevent permanent or injurious changes in the planetary periods that 
no such simple relation as that approximated to in the cases of Jupiter and Saturn, 
Venus and the earth, should subsist exactly. 

* Since there have been two conjunctions in the interval, or three synodical revolu- 
tions of Saturn and Jupiter, we obtain at once their mean synodical period by dividing 
21760-4 by 3, giving 72o3j days, nearly. 
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mining the period of the cycle of disturbances. In the meantime 
let us proceed to a more exact inquiry into the motions of Saturn 
and Jupiter. The investigation given above presents a sufficiently 
accurate view of the general features of those motions, and is further 
useful in determining the mean angle of progression of successive 
third conjunctions ; but it will be seen that it does not accurately 
present the true relations of Saturn and Jupiter. In fact, if it 
did, the inequality we are inquiring into would not exist, for the 
uniform progress of each set of successive third conjunctions could 
only result from the uniform motions of Saturn and Jupiter in 
circular orbits. 

Fig. 7, Plate X., represents the orbits of Jupiter and Saturn 
about the sun at s. If we suppose that Jupiter's orbit Ji J2J3J4 lies 
in the plane of the paper, then the plane of Saturn's orbit 8^8^8^8^ 
must be supposed to intersect this plane in the line n n^* the part 
NsV of Saturn's orbit lying above, the part n'8 n Ijdng below, the 
plane of Jupiter's orbit ; the points at which Saturn's orbit attains 
its greatest departure from the plane of Jupiter's orbit lie at B^ and 
s, and their respective distances above and below that plane are 
represented on the scale of the figure by the lines k Icf and 1 1\ 
jjjg is the major axis of Jupiter's orbit, Jj being the perihelion; 
Cj is the centre, and j^j^ the minor axis: CjJj is 494,256,000 
miles ; CjS. 23,854,000 miles. Similarly 8^8^ is the major axis of 
Saturn's orbit, fii being the perihelion ; c, is the centre, and 8^8^ the 
minor axis : the dimensions of Saturn's orbit have been given in 
Chapter II. 

The last conjunction of the two planets took place on the 28th 
of December, 1861, at about a quarter past seven in the evening, 
the heliocentric longitude of each planet being 166° 51' 17'' at the 
moment of conjunction. Thus, Saturn and Jupiter were situated 
as at Pi and q^ respectively, the points Pi, Qi, and s, being in a 

* The longitude of the rising node of Saturn's orbit on the plane of Jupiter's orbit 
is 126^ 32' 41' ; these planes are inclined to each other at an angle of 1^ 15' 41". It 
must be remarked that the point marked' r in fig. 7, represents the first point of Aries at 
the commencement only of the motions considered. During the interval (more than 99 
years) in which the six conjunctions occur, the first point of Aries regredes (that is, ap- 
proaches n') by nearly 1° 23'. Changes, less marked but still not unimportant, occur 
also in the forms of the orbits of Jupiter and Satom, and in the position of the 
line N n'. 
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straight line inclined at an angle of 166® 5V 1*7'' to s T. Starting 
from this line of conjunction, Jupiter has been continually gaining 
on Saturn — so that, for instance, at the present instant (January 
1st, 1865,. Oh. 30m. p.m.) Jupiter is 47"* 2(y 52'' in advance of Saturn. 
Thus, when Jupiter again arrives at Qj, Saturn will not have ad- 
vanced much beyond the point n', and continuing their motions, they 
will be in conjunction along the line PjQj, the arc PjN'Pa being about 
two-thirds * of the complete orbit of Saturn. Now, by what has 
been already shown, if Saturn and Jupiter moved uniformly with 
their respective mean motions, the arc PjP^ (or, which is the same 
thing, the arc QjQg) should exceed an arc of 240** by one-third of 
8° 6'-4,— or PjPj should be an arc of 242*^ 42'-L This is not the 
case, however, under the actual circumstances. Saturn's mean daily 
angular motion is 2' 0'''6 ; his maximum daily motion (when he 
is in perihelion) is 2' 15"'3 ; his minimum daily motion (when he 
is in aphelion) is 1'41"'2: again, Jupiter's mean daily angular 
motion is 4' 59'''3, while his greatest and least daily motions are 
respectively 5' 30' ''5 and 4' 32"'3. It is clear that these varia- 
tions are sufficient to introduce very important modifications 
into all the circumstances of the motions of the two bodies. In 
moving from Pj to Pg Saturn passes his aphelion point, and thus his 
mean motion during the interval is less than his mean motion in a 
complete revolution. Jupiter's motion in the interval may be 
divided into two parts : first, the complete revolution beginning 
from the point q^ — -in this, of course, he may be considered to 
move with his mean motion, or A' 59"'3 ; secondly, the motion 
through the arc QiQ^, comprising the semi-orbit jgj^Ji in which 
Jupiter passes from aphelion to perihelion (and therefore may 
be considered to move with the same mean motion as in a com- 
plete revolution), and the t^o nearly equal arcs QiJg and JjQj, 
one next to aphelion, the other next to perihelion, Jupiter's small 
velocity in the former being compensated by his greater velocity 

* In Herschel's 'Introduction to Astronomy' the second conjunction is made to 
take place 123° the third 246° and the fourth 368® 6' from the first. It is dear that 
if this were the case, Saturn would perform one revolution while Jupter performed 
four, which, as we have seen, is not the true relation between their motions. A similar 
mistake occurs in the description of the motions of Venus and the earth, in Mitchell's 
* Popular Astronomy.* 

L 
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in the latter. Thus, on the whole, during the interval between the 
two conjunctions, Jupiter may be considered to move with a mean 
velocity almost exactly identical with his mean velocity in a com- 
plete revolution. Saturn, as we have seen, moves with a mean 
velocity less than his mean velocity in a complete revolution. Thus 
Jupiter gains on Saturn more rapidly than in the case first supposed, 
— that is, of uniform mean motions. Accordingly, the arc P1P2 is less 
than the arc of 242° 42''l, obtained on that supposition, — and not 
by a small or scarcely appreciable diflference, but by some eight or 
nine degrees. 

In precisely the same manner it may be shown, that the next 
conjunction falls on the line Q3P3 ; that in the interval Saturn moves 
with a mean velocity slightly greater than his mean velocity in a 
complete revolution (passing over a complete half-orbit from peri- 
helion to aphelion) ; and that Jupiter moves with a mean velocity 
less than his mean velocity in a complete revolution (passing his 
aphelion in moving from Qj to Q3 after his first complete revolu- 
tion). Thus the arc P5P3 is greater than the mean arc 242° 42^*1. 

Tn moving to the fourth conjunction along the line p^q^, near to, 
but in advance of PjQi, Saturn passes the perihelion of his orbit, 
and moves with a mean velocity greater than his mean velocity 
in a complete revolution. Jupiter also, after a complete revolution, 
passes his perihelion in moving from Q3 to Q^, and moves with a 
mean velocity greater than his true orbital mean velocity. Here, 
then, the variations from mean uniform motion partly compensate 
each other. But in this case we need not examine the circum- 
stances of motion in the interval between the two conjunctions, to 
determine the position of the line p^q^. For, since the first con- 
junction in this neighbourhood, Saturn will have completed two 
revolutions and the small arc PjP^, while Jupiter will have completed 
five revolutions and the small arc QiQ^ ; thus the arc PjP^ will only 
difier from the arc of 8° 6' 4 (determined from the consideration 
of uniform mean motions) by the effects of the variations from 
mean motion in the passage of Saturn over the small arc p^p^, 
and of Jupiter over the small arc q^q^. It might appear that 
such effects, though possibly appreciable, must be very minute ; in 
reality they are important, as will appear from the following cal- 
culation : — 
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Saturn (as already shown) will arrive at the point Pj 144^4846 
days before Jupiter reaches the point Qj. Now Jupiter at Qj 
has a daily motion of M 34''*9, but his mean motion during 
145 days preceding his arrival at the point q^ of his orbit is 
somewhat greater (since he is throughout approaching aphelion) 
and is approximately 4' 37'''7. With this mean velocity, it is 
easily calculated that in 144*4846 days he passes over an arc of 
11** 4' 52''. Thus when Saturn is at Pj Jupiter will be at g, g Q| 
being an arc of 1 1** 4' 52''.* Again Saturn at p^ has a daily motion of 
2' 4"'5, but his mean motion during 145 days following his arriyal 
at the point Pj is somewhat less (as he is approaching aphelion) 
and is approximately 2' 4"*0. With this mean velocity he moves in 
144-4846 days over an arc of 4** 58' 36", so that when Jupiter is at 
Qi Saturn is at j?, Pj^ being an arc of 4** 58' 36". Now Jupiter moves 
from Qi with a daily angular velocity of 4' 34"*9 about the sun, to 
overtake Saturn, which moves from p with a daily angular velo- 
city of about 2' 3" -5 ; hence immediately after passing q^, Jupiter 
gains 2' 31"*4 daily. But before the two planets are in conjunction, 
the velocity of each is diminished (since both are approaching 
aphelion), Jupiter's velocity more than Saturn's; thus the mean 
daily gain of Jupiter in the interval is approximately S' 30". 
Since the angle 4** 58' 36" contains the angle 2' 30" 119-4 times, 
Jupiter will overtake Saturn — that is, the two planets will be in 
conjimction — 119*4 days after Jupiter has passed the point Qj and 
Saturn the point "p. Jupiter's mean daily motion in the interval 
being about 4' 33"'5, QiQ4 is an arc of 9*^ 4' 16". Thus the line of 
conjunction p^q^, instead of falling 8° 6"*4 beyond PjQi the original 
line of conjunction, falls nearly one degree farther forward. 

In exactly the same way the conjunctions falling near p^Qg and 

P3Q3 can be determined. It will appear that Q^g', corresponding to 

Qjgr, is an arc of nearly 12'' 55''5 ; that Pgp', corresponding to Pjj?, 

is an arc of nearly 5"^ 8'-5 ; and that the line of conjunction ^^q^ 

falls about 8** 24' beyond PjQj. Lastly, Q3 9", corresponding to the 

arcs QiJ and %((^ is an arc of about 12*" 4' ; Pjl!)", corresponding to 

* The determination of Ihe arc q^ <k\ is not necessary to the inquiiy ; the calculation 
is introduced to illustrate the effects of the non-uniformity of the motions of the two 
planets. It will be remembered that on the supposition of unifwrm motions the corre- 
sponding arc was shown to be 12° C'T. 

L 2 
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the arcs PjP and vjp\ is an arc of 4*^ 22''5 ; and the line of conjunc- 
tion PgQg falls &* SV beyond v^%* 

Thus the irregularities in the motions of Saturn and Jupiter 
arise from several sources. 

In the first place, there are irregularities due to the forms 
and positions of the two orbits. For instance, consider the con- 
junction which takes place along the line PiQj: — This line 
falls above Cj the centre of Jupiter's orbit, and thus divides 
that orbit into two unequal parts, the upper (in the figure) 
being the smaller ; hence, considering Saturn as the disturbing 
body, it is clear that the radial part of Saturn's disturbing effect 
has a smaller purchase (so to speak) on Jupiter as he moves through 
the arc jj Qi to conjunction, than as he moves on through the cor- 
responding arc, beyond Qi, from conjunction: on the other hand, the 
tangential disturbing efifect is greater in the former arc than in the 
latter. Jupiter's motion would (on this account), be accelerated in 
the former arc more energetically than it would be retarded in the 
latter ; or which is the same thing, Saturn's motion would be more 
powerfully retarded as Jupiter moved through the former arc, than 
it would be accelerated as Jupiter moved through the latter arc. 
But here another circumstance must be considered. As Jupiter 
moves from jg to Qj his motion is continually diminishing, and it 
continues to diminish till Jupiter reaches his aphelion at J3. Fur- 
ther, Saturn's motion as he approaches, and after he passes p^ is 
continually diminishing. Since Saturn's motion is so much smaller 

* The pelations between these angles and those resulting from uniform mean mo- 
tions may be thns exhibited : — 



neap p,Qi 
near p^Qa 
neap P3Q3 


Arc corresponding 

tOQ^g. 


top, J). 


Arc corresponding 
to p^p^, or QiQ*. 


11° 4' 62" 
12 66-6 
12 4 


4° 68' 36'' 
• 6 8-5 
4 22-5 


90 4' 16" 
8 24 
6 51 


mean 


12 0-7 


4 60-4 


8 6-4 



These pesnits, it must be remembered, are not strictly correct. They have been ob- 
tained on the supposition that Satupn and Jupiter pepfopm their pevolutions in their 
respective mean pepiods, which, as already mentioned, is not the case. They are, how- 
ever, sufficiently accurate fop the pupposes of our inquiry. The eppops in fig. 7, plate X., 
apising from this cause would not be appreciable on the scale of that figure. 
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than Jupiter's, so also the variation of his motion in a given time 
is smaller in amount ; thus throughout the approach and separation 
we are considering, the relative motion of the two bodies — that is, 
the excess of Jupiter's angular velocity over Saturn's — is continu- 
ally diminishing. Hence the period of separation after conjunc- 
tion is longer than the period of approach before conjunction ; and 
therefore, of course, the accelerating eflFects on Jupiter in the 
latter period would, on this account, be less than the retarding 
effects on Jupiter in the former period ; and similarly of the oppo- 
site effects operating on Saturn. Here, then, the effect of the forms 
and positions of the orbits, and the effect due to the varying mo- 
tions of the planets in those orbits, are conflicting. If we analysed 
the corresponding effects at the conjimction along PgQ^, it would 
appear that the two effects are of the same kind as in the case just 
considered, and are therefore conflicting, but the effect due to rate 
of motion is much more marked than in the former case (since 
Jupiter is leaving, Saturn approaching, perihelion). If we con- 
sidered the conjimction along P3Q3, it would appear that both the 
effects are of opposite kinds to those operating in the other cases, 
and therefore are still conflicting, but the effect due to the form of 
Jupiter's orbit* is more marked than in either of those cases, since 
the line P3Q3S is nearly perpendicular to sOj. 

Corresponding variations in the effects of the mutual action of 
the planets in moving over arcs preceding and following opposition 
may be considered in the same manner. To avoid confusion, the 
lines along which the planets are in opposition, during the interval 
of 100 years illustrated by the figure, are not indicated. They 
occupy positions intermediate to those occupied by the lines of 
the preceding and following conjunctions.t 

Secondly, we have seen that the angle between successive lines 
of conjunction is variable, sometimes considerably exceeding, at 
others falling considerably short of the mean angle 242** 42''1. In 

* Since Saturn only passes over a small part of his orbit while the planets are near 
conjunction, the effects due to the form of Saturn's orbit need not be considered here ; 
they win fall under the consideration of the vaiying distances of the planets at dif- 
ferent conjunctions. 

t Thus, at the opposition occurring between the coiy unctions along p,Q| and p,q, 
Jupiter is near j^ , and Saturn near Pb. 
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this,, and in the corresponding variation of the interval of time 
between successive conjunctions, we have new sources of irregu- 
larity, serving considerably to diminish the approach to compen- 
sation which would result from a more symmetrical adjustment of 
these arcs and periods. Similar irregularities occur, of course, 
in the angles between successive lines of opposition, and in the 
intervals of time in which such angles are swept out by the two 
planets. 

Thirdly, the distance between the planets at successive conjunc- 
tions (and oppositions) is variable. It is clear from the figure 
that PiQi is less than p^q,, p^Qj less than P3Q3 ; and similarly p^q^ is 
less than p^q^, p^q^ than p^q^. Since the mutual action of the two 
planets varies inversely as the square of the distance, this is a very 
eflfective source of irregularity. 

Fourthly, it appears that at, and in the neighbourhood of QjPi, 
Jupiter gains more slowly on Saturn than near q^Pj, and here 
again more slowly than near Q3P3. In other words, the two bodies 
hang longer in the neighbourhood of each other near PiQj thau 
near P^Qg? and near p^q, than near P3Q3. The disturbing effects 
due to their mutual attractions necessarily vary in amount accord- 
ing to the time during which such attractions are in operation. 

Fifthly, it has been shown that the more nearly the line of 
any conjunction approaches to exact coincidence with the line of 
some former conjunction, the more nearly will the disturbing 
effects operating near the two conjunctions resemble each other. 
Now the arc p^p^ is greater than the arc p^^, rati the arc t^^ is con- 
siderably greater than the arc PgPg. Thus the effects operating 
to disturb the period (or any other element) of Saturn or Jupiter, 
near the conjunction along P3Q3, and those operating n€«r the 
conjunction along p^q^, resemble each other more closely, than 
do those operating near the conjunctions along PjQ, and p^q^, 
and these again resemble each other more closely than do those 
near the conjunctions along PjQj and p^q^. Thus that accumulation 
of perturbations operating in the same way, on which, as has 
been shown, the permanent, or long continued modification of 
the elements of either orbit depends, is more marked in the 
series of third conjunctions falling near P3Q3 than in the series 
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falling near P2Q2, and in this than in the series falling near 

Sixthly, the gradual change in the periods of the two 
bodies affects the approach to commensurability on which it is 
itself dependent. For instance, during the series of conjunc- 
tions considered, Saturn's period is continually diminishing and* 
Jupiter's increasing ; in other words, the two periods are continually 
approaching more nearly to the simple relation of commensurability 
already indicated. Thus the repetition of disturbances operating 
continually in one direction becomes more and more marked 
during the series of conjunctions considered, and for several 
following sets of triple conjunctions. 

Seventhly, the inclination of the planes of the two orbits has an 
influence, though a small one, on the effects we are considering. The 
greater the inclination of the line joining the centres of the two 
planets to the plane of either orbit, the larger is that resolved part of 
the mutual action which acts perpendicularly to such plane, and thus 
the resolved part in that plane is correspondingly diminished, — in 
other words, the perpendicular force gains at the expense of the 
radial and tangential forces. This diminution can never be very 
great, since the angle in question is always very smalL It is 
plainly greatest in the series of conjunctions near the line PgQ^ and 
nearly vanishes in the series near P3Q3. 

Other causes of disturbance and of variation in disturbance might 
be added ; these, however, are sufl&cient to indicate the complexity of 
the problem. It is necessary, however, to notice that all the causes 
considered operate to produce variations in the efficiency of the 
radial and perpendicular disturbing forces.f Hence there arise 
changes in the eccentricities and inclinations, and in the positions 
of the perihelia and nodal lines of the orbits of the two planets. 
These effects cannot take place without influencing, in some degree, 

* It does not foUow that the absolute effects of those series are to be placed 
in the order indicated ; for a series of closely-resembling small disturbances may be 
less efficient than a series of more marked disturbances less closely resembling each 
other. ♦ 

t Not necessarily in the same way or to the same extent ; for instance, a cause 
operating to diminish the tangential may increase the radial force, and vice versd. 
Diminution of distance increases all the forces. 
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the action and effects of the tangential force, the variations of which 
depend, aa we have seen, on those elements of the two orbits. A 
more marked effect of such changes in lengtheniog the cycle 
during which the periods of Saturn and Jupiter undergo their re- 
spective variations, will be considered presently. 

To ascertain the exact amount of disturbance due to each of the 
causes here mentioned, and thence to determine whether, in any set 
of three conjunctions, acceleration prevails over retardation, or 
vice verad^ can only be effected by rigid mathematical analysis, in 
which the absolute quantities concerned — as the masses of the sun, 
Satiurn and Jupiter, and the eccentricities, inclinations, and other 
elements of the orbits of the two planets — are fully taken into 
account. The results of such analysis correspond with the results 
of observation. For a series of conjunctions, tliere will remain — after 
each set of three conjunctions — an uncompensated acceleration 
of one planet and retardation of the other : then during a similar 
series of conjunctions, these effects are reversed, and the accumu- 
lated results of the former series gradually worked off, until an 
almost exact compensation is effected at the close of the complete 
cycle corresponding to the inequality we are considering. 

The angle 8"* 6''4 is contained 44-408 times in 360**. Hence, if we 
were to mark the places of successive third conjunctions from that 
along PiQp we should eventually (after marking down 44 such con- 
junction-lines) arrive at one falling between t^q^ and p^q^. Thus 
the conjunction-line would not return exactly to the position PjQi. 
But we may consider the cycle during which this conjunction- 
line travels completely round the circumference, to be 44*408 times 
the mean period of three conjunctions, — that is, 44*408 times 
21,760*4 days, or about 2,645*74 years. But it is clear that in 
travelling round the circumference this conjunction-line must 
pass the lines P3Q3 and p^Qj, and when it is at or near either 
of these positions the two other conjunction-lines must have also 
travelled round, so that the three conjunctions in each triple set 
take place at or near the three original conjunction-lines, PjQi, p^q^, 
and P3Q3. In other words, a complete cycle*of disturbances will 
have taken place in one-third of the period just obtained, or in 
881-91 years, if the elements of the two orbits have undergone, 
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meanwhile, no alteration. This, however, is not the case: — 
The perihelion of Saturn will have been advancing at the rate 
of more than 19'' yearly, the perihelion of Jupiter at the rate 
of nearly 7''; the eccentricity of Jupiter's orbit will have been 
increasing, that of Saturn diminishing, yearly ; and the inclinations 
and nodal lines (on the ecliptic^ of the two planets will also have 
varied. The relations between the orbits at the commencement 
of a cycle are never exactly reproduced; but it has been calculated 
that the series of disturbances is completed, and the periods of 
the two planets are restored to their original values and states 
(increasing or decreasing) in about 918 years : in each such cycle 
there are rather more than 46 conjunctions. Thus the disturbance 
in the periods of the two planets, or the inequality ^ as it is termed, 
attains its maximum amount either way at intervals of about 459 
years, in each of which are included seven or eight sets of three 
conjunctions. The inequality, at such times, amounts to about 
48^' of retardation or acceleration in the longitude of Saturn, 
and about 20' of acceleration, or retardation, respectively, in the 
longitude of Jupiter.* At present Saturn is about 41^' behind 
his mean place, Jupiter about 17' in advance of his mean plaoe. 
But in each set of three conjunctions Saturn's actual motion is 
on the whole retarded, so that his period is diminishing and 
his mean motion in longitude increasing, while Jupiter's actual 
motion is accelerated, so that his period is increasing and his 
mean motion in longitude diminishing. In other words, the two 
planets are (at present) being gradually restored to their mean 
places. 

Saturn's period also imdergoes alterations, due to the disturbing 
influence of Uranus, Neptune, and even of our earth and the other 
comparatively minute planets that revolve within the zone of aste- 
roids. The alterations due to the attractions of Uranus and 
Neptune are small, however, the others altogether insignificant, 
compared with those due to the attraction of Jupiter. For, in the 
first place, the mass of Jupiter greatly exceeds that of all the other 

* The proportion between the yariations in the longitudes of two planets, due to 
their mutual disturbances, is the inverse ratio of their masses multiplied by the square 
roots of their mean distances from the sun. 
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members of the solar system ; and in the second place, no approach 
to any simple relation of commensurability exists between the 
period of Saturn and that of any of those bodies ; so that altera- 
tions in one direction are compensated by corresponding alterations 
in the contrary direction. 

The eccentricity of Saturn's orbit and itfl inclination to the 
ecliptic undergo oscillatory variations in cycles of great length, the 
perihelia and nodal lines shifting, meanwhile, round the ecliptic. 
The latter series of changes is not important: the former would be 
injurious, if not destructive, if the Umits within which the varia- 
tions took place were considerable. This, however, is not the case. 
Lagrange has shown that, amidst all variations, the following rela- 
tions hold between the masses of the various members of the solar 
system, and the mean distances, inclinations, and eccentricities 
of their orbits : — 

(i) If the mass of each planet be multiplied by the square 
root of its mean distance from the sun, and the product by the 
square of the eccentricity of the orbit, the sum of all such products 
taken throughout the system is invariable. 

(ii) If the same product (of the mass by the square root of the 
mean distance) is multiplied by the square of the tangent of the 
angle at which the plane of the orbit is inclined to a fixed plane, 
the sum of all such products taken throughout the system is 
invariable. 

The products corresponding to Saturn and Jupiter are by far the 
most important in either series.* As these products correspond 
to but moderate eccentricities in the orbits of these two planets, it 
is clear that the eccentricity of either orbit could never become 
very great, even if it were possible for the eccentricity of the 
other absolutely to vanish. This, however, can never happen. If 
Jupiter and Saturn were the only members of the system the 
eflfects of their mutual attraction would be that in a cycle of 
70,414 years the eccentricity of Saturn's orbit would vary between 

* The sum of the masses of Satum and Jupiter is fully 11 J times as great as the 
sum of the masses of all the remaining members of the solar system (yet known) ; 
and the sum of the masses of Neptune, Uranus, Satum, and Jupiter, exceeds the sum 
of the masses of Mercury, Venus, the Earth, Mars, and the asteroids, more than 200 
times. 
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the limits 0-08409 and 0-01345, that of Jupiter's between the 
limits 0-02606 and 0-06036,* *the greatest eccentricity of one 
orbit corresponding to the least of the other, and vice veraa.^ 
And what is of far more importance, so far as the inhabitants of the 
earth or of the other minor planets are concerned, no large part of 
the product corresponding to either of the two giant members of 
the system, or to Uranus and Neptune, can ever be imparted to the 
smaller bodies-f An interchange of eccentricities and inclinations 
is always taking place between every pair of members of the 
system, whether near or distant, or whether either or both is small 
or great ; but analysis shows that this interchange is so distributed 
that the eccentricities and inclinations of the minor orbits can 
never become very great. 

* Sir J. Herschel's * Introduction to Astronomy/ 1st Edition, p. 3^. 

t A very simple calculation will suffice to show that if the orbits of the four exte- 
rior planets could become circular simultaneously, so that the whole of the eccentri- 
city-products corresponding to them were distributed among the minor planets, all 
these bodies would be destroyed by falling into the sun, their orbits becoming too 
elongated to allow them to clear his globe. i 
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CHAPTER VII. 



HABITABILITT OF SATURN. 



When we consider the analogy of our own planet, it seems im- 
possible to doubt that Saturn is inhabited by living creatures of 
some sort. Here we find, not only the earth, but the fathomless 
depths of ocean, not only the temperate zones, but the scorched 
regions of the tropics, and even the solid ice within the arctic and 
antarctic circles, crowded most abundantly with living creatures. 
Here also we find that, not merely while the conditions now hold- 
ing have subsisted, but throughout millions of ages, during which 
the earth has undergone variations of the most marked and start- 
ling nature, the same abundance of life has been found upon its 
surface. That a globe so stupendous as Saturn, and surrounded 
by a system so magnificent and elaborate, should be devoid of 
inhabitants, can hardly, then, be reasonably imagined : but what 
manner of creatures subsist on Saturn — ^whether it is inhabited, as 
yet, by comparatively rudimentary races, or whether it is already 
peopled by reasoning and responsible beings, capable of appre- 
ciating the wonders that surround them, and adoring their 
Almighty Creator — ^it is not given to us to know. 

On our own planet we find creatures of every race admirably 
adapted to the conditions that surround them. Whether we sup- 
pose such adaptation to be the result of express creative acts of 
the Almighty, or — which appears more probable — ^that, in His 
infinite wisdom, He has appointed laws under whose action 
species are modified with the varying conditions that surround 
them, analogy points to the conclusion that on the other mem- 
bers of the solar system the same perfect adaptation prevails. It 
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is, therefore, merely by way of comparison, that I propose to 
examine, in this chapter, the adaptation of the physical conditions 
of the planet Saturn to the wants of beings constituted like the 
inhabitants of our earth : it is not necessary to establish the sub- 
sistence of conditions so adapted, in order to prove that the planet 
is the abode of living creatures. 

If an inhabitant of our earth could be placed on the surface of 
another planet, it is probable that the first circumstance in his new 
condition that would attract his attention would be the change in 
his own weight If he were removed to Jupiter, he would find his 
weight more than doubled, and would be unable to move without 
pain and diiEculty. If, on the other hand, he were removed to 
Mars or Mercury, he would find his weight diminished by more 
than one half, and his activity and apparent muscular power cor- 
respondingly increased. If he were removed to Saturn, the change 
in his weight would vary with the latitude of the spot to which we 
suppose him to be conveyed. Owing to the compression of Saturn's 
globe, his vast size, and his rapid rotation on his axis, gravity varies 
with latitude in a much more marked manner than on our earth. 
If Saturn were not rotating, the weight of a terrestrial pound would 
be about 1*19 lbs. at Saturn's pole, and l'171bs. at his equator. 
But the centrifugal force at Saturn's equator is about 0*164,* by 
which amount gravity is still further diminished. Thus, a man 
weighing 12 st. on earth, would weigh only a few ounces over 12 st. 
at Saturn's equator, but would weigh more than 14 st. at Saturn's 
pole. The diflTerence of weight in the former case would hardly be 
appreciable : in the latter it would prove a heavy burden ; but its 
effect would be somewhat diminished by perfect adjustment, since 
it would be distributed over the whole body. A Saturnian would 
find his weight increased in nearly the same degree, if he travelled 
from Saturn's equator to either pole : we shall presently see that 
this is not the only circumstance in which the physical conditions 
of Saturn's arctic and temperate zones present a marked contrast to 
those prevailing at and near his equator. 

^ By this is meant that a mass weighing 1 lb. on the earth and revolving about a 
centre with the same velocity and at the same distance as points on Saturn's equator 
about Saturn's centre, would require, to retain it in its orbit, a force sufficient to 
counterpoise a weight of 0*164 lbs. 
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It has been considered probable that the appearance of Saturn's 
surface diflFers greatly from that of onr earth. And this for two 
reasons : — ^In the first place, it is urged that his density being so 
small, he must be composed of materials very much lighter than, and 
therefore very different from, those composing our earth ; and, in 
the second place, that fluids upon his surface must either be of less 
density than the planet, and therefore very different from our 
oceans, or if of greater density, must all be collected in one hemi- 
sphere.* Saturn's globe may, however, be hollow, and the mean 
density of the materials of this hollow globe not very different from 
the mejtti density of the materials composing our eartLf And, 
again, it has not been established by rigid mathematical inquiry, 
that oceans upon a planet of Saturn's figure, would necessarily be 
collected wholly, or almost wholly, in one hemisphere, if their 
density exceeded that of the planet. On the contrary, it appears 
probable that fluid masses on the surface of such a planet would 
tend to form two vast polar oceans, since gravity is so much greater 

* Whewell's * Astronomy and General Physics :* (Bridgewater Treatise.) 
t Whether the earth is solid thronghont or merely a spherioal shell is a question on 
which the world of scieB<»e is divided. The increase of heat as we proceed, inwards 
seems to indicate that at no very great depth the heat must be so intense that all 
known substances would be converted into fluids. On the other hand, Mr. Hopkins 
has shown that the precession of the earth's pole is not such as it would be if the 
earth were a shell of such comparatively smaU thickness containing a vast fluid mass. 
Arguments of some force have also been urged to show that the above-mentioned increase 
of heat is not to be considered as an indication of a fluid nucleus ; and it is certain 
that man has penetrated the earth's crust to a distance absolutely insignificant com- 
pared with the dimensions of the earth*s globe. Yet it seems dear that the balance 
of probability is largely in favour of a continual increase of heat inwards, in even a 
greater ratio than that observed near the surface. And it appears not improbable that 
at a depth of tk thousand miles the heat should be so intense that all known substances 
would at ordinary pressures be converted into vapour. But the pressure exerted by a 
vapourous nucleus on the surface of the fluid shell next to it, and by transmission on 
the solid shell, must be so immense that the interior parts of the solid and liquid shells 
must owe their solidity and fluidity respectively to the intensity of such pressure, and 
not to the insufficiency of the heat in diose parts to change respectively solidity into 
fluidity, and fluidity into gaseity, at ordinary pressures. Thus the thickness of either 
shell may be far greater than would appear from any calculation founded on ordinary 
pressures. It is also conceivable that the immensity of the pressure exerted by the 
gaseous nucleus would be sufficient to modify the motions of the fluid shell, and that 
by combining the effects of such modification with the increased thickness of the fluid 
crust deduced from the consideration mentioned above, the prec ion of the earth's 
pole might be accounted for as exactly as on the supposition of the solidity of the 
whole mass of the earth's globe. 
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at Saturn's poles than at his equator. But even if it were proved 
that the former arrangement must inevitably subsist, what, after 
all, is such an arrangement but an almost exact counterpart of what 
is observed on our own earth ? * It is true that tidal waves could 
not sweep round such an ocean, as round the oceans that surround 
the earth, but an ocean whose tides are ruled by eight satellites, 
and restrained by the attractions of a stupendous ring, may require 
arrangements altogether different, in this respect, from those pre- 
vailing on our earth. The appearance of Saturn, however, is not 
favourable to the supposition that the ocean masses on his surface 
are confined to a single hemisphere; for the bright bands on 

* This arrangement on the earth is modified by the tendency towards the poles 
that might be expected from the earth's form ; so that while the southern hemisphere 
(or more exactly the hemisphere of which New Zealand forms the central region) is 
evidently that towards which the main body of the water is attracted, the northern 
polar regions are also occupied by a vast ocean, connected with the southern ocean by 
Behring's Straits and the Atlantic. From this arrangement and the conformation of 
the land, it is obvious that at present the centre of gravity of our globe lies nearer the 
southern than the northern pole. M. Adh^mar has suggested that this displacement 
of the centre of gravity from the centre of figure is due to the vast masses of ice col- 
lected at the southern pole, and that as the duration of the antarctic summer is now 
continually increasing, those masses will diminish, and the frozen masses at the arctic 
pole increase, until the centre of gravity is nearer the northern than the southern pole, 
when the great southern ocean wiU rush northward. He conceives, in fact, that a 
vast flood takes place twice in every revolution of the vernal equinox (that is, twice 
in 25,868 years), the ocean masses rushing alternately from pole to pole ; and he 
imagines that the successive states of submersion and emergence undoubtedly 
passed through by every part of the earth's surface may be better explained in this 
way than by the supposition of alternate elevations, and depressions from internal 
causes. The close observer of nature will not readily accept the idea of such 
cataclysmal floods, destroying all living creatures on the face of the earth at each 
eruption. It is not altogether improbable, however, that the ocean masses may oscil- 
late from pole to pole in a more gradual manner,^ and that during such oscillations 
inundations might take place, insigniflcant when compared with the universal floods 
imagined by Adhfemar, but sufficient to constitute tremendous local catastrophes, and to 
leave lasting traces of their eflfects. The results of such oscillations would differ in no 
respect from those of elevations and subsidences of continents. It may be remarked 
that while elevations and depressions of large tracts of the earth's surface have un- 
doubtedly taken place, it appears improbable that whole continents should be so 
raised or depressed ; and the expression somfetimes met with in works on geology, 
that a whole hemisphere may be elevated by internal forces while the opposite hemi- 
sphere is depressed, is simply an absurdity. Such changes are inconsistent with the 
simplest law of mechanics, that * action and reaction are opposite and equal.* Forces 
tending to elevate one hemisphere must hear itpon and therefore tend to elevate the 
opposite hemisphere, — must tend, in fact, to lengthen that diameter of the earth along 
which their resultant acts. 
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Saturn's disc, which are probably vast belts of clouds drawn from 
oceans upon his surface, are found equally in the northern and 
southern hemisphetes, and extend completely round Saturn's globe. 

The climatic conditions on the surface of Saturn undoubtedly 
differ in the most striking manner from those which prevail on the 
earth. We may consider three points on which these conditions 
depend ; namely : — the distance of Saturn from the sun ; the incli- 
nation of his axis to the plane of his orbit ; and the respective 
lengths of the Satumian day and year. 

We have seen that Saturn's mean distance from the sun is more 
than 9^ times as great as the mean distance of the earth. Thus the 
diameter of the sun's disc appears^ less to the Satumians than to 
us in the proportion of 2 to 19; while the apparent surface of 
the solar disc, which varies as the square of the apparent semi- 
diameter, appears diminished to about -^th part of the appa- 
rent surface of the disc visible to us. The quantity of light and 
heat received on any part of Saturn's surface is therefore only -^th 
part of the quantity received on a part of the earth's surface of 
equal extent, and equally inclined to the solar rays. In fact, not- 
withstanding the immensity of Saturn's globe, the whole of the 
light and heat received upon it, when Saturn is at his mean dis- 
tance from the sun, is considerably less than the light and heat 
similarly received on the earth. It does not necessarily follow, 
however, that the climate of Saturn is so bleak and frigid as that 
of the earth would be under a corresponding diminution of the 
solar heat ; for, independently of the consideration that the climate 
of any planet may be greatly affected by internal heat, there can 
be no doubt that the amount and density of the atmosphere that 
surrounds a planet has a most important influence on the climatic 
conditions that prevail upon its surface.* That Saturn has a very 
extensive, and therefore (at his surface) a very dense atmosphere, 
seems probable from the appearance presented by his disc in power- 
ful telescopes, as well as from his vast absolute dimensions. Such 
an atmosphere can, of course, have no effect in increasing the 

* If the atmosphere of oup earth were suddenly subjected to such a change that 
heat radiating from the earth passed through the air as freely as the sun's direct heat, 
the earth would no longer be habitable by such races as now exist upon its surface. 
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amount of heat received upon any part of Saturn's surface, or 
rather, tends somewhat to diminish that amount ; but by pre- 
venting radiation, it may serve to maintain a mean temperature 
as high as the mean temperature of our globe, or even con- 
siderably higher.* The amount of light received would not be 
increased by such an arrangement, except by the comparatively 
small amount refracted towards the planet by the atmosphere, and 
the consequent lengthening of the Saturnian twilights. That the 
surface of Saturn is illuminated with considerable brilliancy, how- 
ever, may be inferred from the brightness of his disc. Although 
it is less splendid than the discs of planets nearer the sun,t there 
is no approach to the sombreness and gloom that one would expect 
from a diminution of the solar light to so small a fraction of that 
received upon our earth. It has been calculated, however, that 
under such a diminution the sun would still supply 560 times as 
much light as the moon at full — ^a calculation confirmed by the 
small loss of light in partial eclipses of the sun. There is therefore 
little reason for supposing that the quantity of light received by 
Saturn would be insufficient even for such forms of life as are 
found upon our earth ; still less reason is there for supposing that 
no forms of life whatever could subsist on Saturn's surface.} 

* Mr. Hopkins has calculated that if the atmosphere of our earth were increased in 
height by about 40,000 feet, the earth would be maintained at its present temperature, 
if exposed only to the radiation of apaxie^ in the total absence of the sun. See Nichol's 

* Cyclopaedia, Appendix, Atmospheres of Planets.' This result, however, can hardly 
be considered as satisfactorily established. 

t Eeference is not here made to absolute splendour, which depends on the magni- 
tude of a planet and its distance from the earth, but to the intrinsic brilliancy of the 
disc, which is independent of those relations. The .faintness of Saturn's light com- 
pared with that of the moon was very observable at the reappearance of Saturn on 
the moon's bright limb after the occultation of May Sth, 1859. 

I It is probable that our own earth once received much less light than at present. 
This is indicated by the size of the eye-orbits in many extinct species of animals, and 
by the development attained by creatures of the bat kind, which now form an insignifi- 
cant class of the earth's inhabitants. Thus, Hugh Miller, speaking of the remains of 
animals of the secondary division, says, * enormous jaws, bristling with pointed teeth, 
gape horrid in the stone, under staring eye-sockets a full foot in diameter ; * and again, 

* here we see a winged dragon,* the Pterodactylus Crassirostris, * that, armed with 
sharp teeth and strong claws, had careered through the air on leathern wings like a 
bat.' — * Testimony of the Kocks,' Lecture III. The pterodactyles of the greensand 
exhibit not imcommonly a spread of wing of eight or nine yards ! See also Note B, 
Appendix I. 

M 
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Saturn's axis is inclined at an angle of 26"* 49' 28'' to the plane 
of Saturn's orbit. Thus the Saturnian seasons, so far as they de- 
pend on this element, are not very different from those which pre- 
vail on the earth. In Table XI. (Appendix II.), the points of the 
horizon at which the sun rises and sets, the elevation of the sun at 
noon, the diurnal arc traversed by the sun, and the length of the 
Saturnian day, are given for the equinoxes and solstices of latitudes 

0% 5°, 10°, 60^ 65% on Saturn's globe. These parts of Table 

XI. are calculated just as similar tables would be calculated for the 
earth. Thus : — suppose we require to obtain these arcs for a latitude 
of 42° upon Saturn's surface. Let h,z h^ fig. 1, Plate XL, represent 
the projection of the celestial hemisphere visible from a place in such 
a latitude (supposed north of Saturn's equator) ; h,o h^ being the 
projection of the horizon-circle, whose south point is at h„ its north 
point at H^, its east and west points at o.* Then h,z h^ is part of 
the meridian of the place ; and p^, the north pole of the heavens, 
is elevated above h^ in an arc of 42°. Let o z be perpendicular to 
H.Hn, so that z is the zenith. Draw o s perpendicular to o p„ ; then 
s is the projection of the sun's path at either equinox. Again, 
take arcs s s' and s s'', each of 262 49' 28", on either side of s, and 
draw s'm and s"m' parallel to s o. Then s'm and s"m' are the pro- 
jections of the sun's path at the summer and winter solstices, 
respectively: thus, the arcs h^s, h.s' and h,s", give the mid- day 
altitudes of the sun at the equinoxes, at the summer solstice, and 
at the winter solstice, respectively. Now imagine the horizon- 
circle turned about the diameter h^h^, so that the east point moves 
(along oz) from o to z; then the points at which the sun rises 
at the summer and winter solstices, respectively, move along 
the lines m m and m W (parallel to o z) to the points m and m\ 
Thus the arcs H.m and H.m' give the azimuths (measured from 
the south point) of the rising or setting sun, at the summer 
and winter solstices respectively, f Again, Ms'is the projection 
of part of a small circle of the sphere H^ZHg. If we imagine 
this circle turned about the line s'm, it would, when fully open, 

* The east point between o and the eye, the west point beyond o. 
t The arcs z m and z w' are respectively the northern and southern amplitudes oi 
the sun at the summer and winter solstices respectively. 
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appear as a circle about the point p as centre, and with a radius 
equal to pa^; the points corresponding to the rising and setting 
sun would move along a line through m at right angles to s^M, and 
this line would divide the circumference of the circle into two 
unequal arcs, the larger representing the diurncU, the smaller the 
nocturnal arc traversed by the sun at the summer solstice. The 
lengths of the day and night are, of course, respectively propor- 
tional to the lengths of the diurnal and nocturnal arcs traversed by 
the sun ; and, further, the length of the day at the summer solstice 
is equal to the length of the night at the winter solstice, and vice 
versa. 

The elements considered in the preceding paragraph may also 
be determined for any given part of a Saturnian year. Thus, let 
A OB be the angle swept out by Saturn about the sun from the 
vernal equinox at the given period. Describe a circle mam' about 
o as centre, with o m or o m' as radius ; let o b meet this circle in 
B. Then, if l'bl be drawn perpendicular to h,h„, and lds'^' 
parallel to o s, l s'^' represents the projection of the sun's diurnal 
path on the celestial sphere at the period considered, h;s'" is the 
sun's meridian altitude, h,l' the sun's azimuth (measured from 
the south point) at rising or setting, and the diurnal arc 
traversed by the sun is obtained, as before, by supposing the 
circle of part of which L s''^ is the projection, turned about Ls'^'. 
A similar construction applies for all latitudes, and for all parts of 
,the Saturnian year — the line o ?„ assuming all positions from o h^ 
to o z, and the line ob sweeping from A through the complete circle 
of which m'a m is the semicircle.* 

* The following construction is more convenient : — ^Let p be the point in which o p. 
meets the line s'li, and describe a drcle Kpix with centre o and radins op; then if o d 
be drawn so that the angle d o c is equal to the angle swept out by Saturn about the 
sun from the vernal equinox, s'"d l through d parallel to o s, and l i/ perpendicular to 
H H, are the lines obtcuned by the former construction: for, if s'"l (as before ob- 
tained) meets o p„ in p', we haveoy : opl'.OL : cm; that is, op^ : od::ol : ob, or 
the right-angled triangles nop' and b o l are similar, and the angle o d jp' is equal to 
the angle obi., that is, the angle doc equal to the angle boa. When the arcs cor- 
responding to H, ef'' and h, i/ are required for different latitudes, the following is the 
most convenient construction : — The circle k d n is plainly a fixed circle for all lati- 
tudes (since s s' is an arc of fixed length) ; thus, if e o be drawn so that the angle 
B o K is equal to the angle d o c or A o b, then e f perpendicular to o z gives the radius 

m2 
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Again, if the azimuth of the sun at rising or setting (in any given 
latitude) is known, it is easy to determine the meridian altitude 
of the sun. Thus, if the arc h,l is' known, we have only to xiraw 
l'l perpendicular to H,Hn, and l s''' parallel to o s ; then h,s'" is 
the altitude required. Further, if l'l meets the circle m A m' in b, 
then A o B, or its complement, is the angle swept out by Saturn 
from the vernal equinox about the sun. Similarly, if the altitude 
H^"' is known, then by drawing s'^'l parallel to s o, and l il per- 
pendicular to H,Htt we obtain the azimuth h^l', and the angle A o b, 
or its complement, as before.* 

The Saturnian year, as already stated, contains about 29^ of our 
years, or nearly 10,759J of our days. The contrast between the 
Saturnian year and our own is rendered more marked by the 
shortness of the Saturnian day, of less than 10^ hours. Thus, the 
Saturnian tropical year contains 24,618^ Saturnian days.f 

The most remarkable eflTect of Saturn's rapid rotation on his 
axis must be the rapid apparent motions of celestial objects. The 
diurnal motion of the sun, viewed from the earth, varies with the 
position of the sun on the ecliptic ; at the equinoxes, when this 
motion is greatest, the sun moves over one degree of arc in 4 minutes 
of time, or over a space equal to his own apparent diameter in 
about 2 minutes. Viewed from Saturn, the sun (at the Satur- 
nian equinoxes) moves over one degree of arc in about 1} minutes 
of time, or over a space equal to his own apparent diameter in 
about 6 seconds. All the celestial objects near the Saturnian 

F o of a circle o r j, -whose intersection (p') with o p, determines the lines 8'"l and l zJ 
in whatever direction o p„ is drawn ; that is, for all latitudes. 

* It is assumed throughout that the diurnal path of the sun is a declination-parallel, 
which is not exactly the case, since the sun's declination is continually varying. In 
the jcase of Saturn, however, the day is so short compared with the year, that the sun's 
daily path differs inappreciably from a declination-parallel. Thus the part of Table 
XI. which states the meridian altitudes of declination-parallels having given azimuths 
on the horizon, and the azimuths on the horizon of declination-parallels having given 
meridian-altitudes, may be supposed to refer to the diurnal paths of the sun at different 
seasons in given latitudes, where the given azimuths and altitudes faU within the range 
traversed hy the sun in the given latitudes. See note (*), Table XI. 

t The sidereal Saturnian year contains 24,620^ Saturnian days ; but owing to a 
slow processional movement of the Saturnian equinoctial points, the tropical year is 
somewhat shorter. See Tables VII. and VIII., and the explanation of these tables 
and of Table X. 
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equinoctial line, except the satellites, have about the same appa- 
rent diurnal motion. The diurnal motions of the satellites are 
diminished by their own motions round Saturn, which take place in 
the same direction as Saturn's motion of rotation upon his axis : for 
instance, since Mimas revolves once around Saturn in about 22^ 
hours, the apparent motion of Mimas upon the celestial sphere is 
little more than one-half the apparent motion of the sun. The 
apparent motions of the satellites composing the ring (if these are 
separately visible) must be very slow, since these bodies revolve 
about Saturn in periods very little greater than his own period of 
rotation. 

If our year and day were changed to the Saturnian year and day, 
respectively, the change in the year would undoubtedly produce 
far more important effects than the change in the day. The effects 
of the former change oh the vegetable world would be not merely 
injurious, but destructive, except possibly within the tropics. All 
classes of animals, man included, would also suffer greatly in a winter 
or summer lasting nine years, and still more from the destruction 
of vegetables, plants, and trees. It is therefore probable that the 
vegetable and animal worlds on Saturn's surface, are, in general, 
very differently constituted from those which are found on our 
globe. Near the Saturnian equator there are two summers in each 
Saturnian year, and the variations of the seasons are not very 
marked. Here, therefore, if anywhere, the races existing upon 
Saturn may resemble those found on our earth. We shall see also, 
presently, that the intensity of the Saturnian winters in the zones 
corresponding to our temperate zones, is aggravated by long 
eclipses of the sun's light by the rings, whereas near the equator 
the corresponding eclipses take place near the equinoxes and are 
of comparatively short duration. 

Saturn's orbit is more eccentric than that of the earth, and con- 
sequently the light and heat received by Saturn vary in a more 
marked manner than with us. Thus, the light and heat received 
by Saturn at perihelion, mean distance, and aphelion, are respec- 
tively as 46, 41, and 37. Let us consider the effects of this 
arrangement. The light and heat momentarily received by a 
planet vary inversely a§ tlie square of the planet's distance from 
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the sun. From the equable description of areas, it follows that the 
momentary angular velocity of a planet about the sun also varies 
inversely as the square of the planet's distance from the sun. 
Thus, the light and heat momentarily received by a planet vary 
directly as the planet's angular velocity about the sun. It clearly 
follows, therefore, that the 4ight and heat received by a planet in 
any time are directly proportional to the angle swept out about the 
sun in that time. Now, neglecting the precession of the equi- 
noctial points, Saturn sweeps out the same augle about the sun 
(though not in the same time), in moving from the vernal to the 
autumnal equinox, as in moving from the autumnal to the vernal 
equinox of either hemisphere. He therefore receives the same 
amount of light and heat in each interval. Like our earth, Saturn 
passes his perihelion near the summer solstice of his southern 
hemisphere, and his aphelion near the summer solstice of his 
northern hemisphere ; but the summer of the northern hemisphere 
lasts nearly sixteen years, the summer of the southern hemisphere 
less than fourteen years. The difference of time exactly counter- 
balances the clifference of distance, so far as the light and heat re- 
ceived in the two intervals are concerned ; but this arrangement 
clearly tends to equalise the seasons of the northern hemisphere, and 
to make their contrasts more marked in the southern hemisphere.* 
It may easily be shown that the effect of the eccentricity of 
Saturn's orbit is to increase the total amount of light and heat 

* Sip John Herschel in an article * On the Astronomical Causes which may influence 
Geological Phenomena' (Geological Transactions, 1832), says, that the corresponding 
arrangement in the case of the earth exactly equalises the seasons of either hemi- 
sphere. This is not the case, however : the same amount of heat is received in the 
longer summer of the northern as in the shorter sunmier of the southern hemisphere ; 
but it no more foUows that such a compensation afifbrds to each hemisphere ' an equal 
and impartial distribution of heat * than it would follow that two winters are equiva- 
lent in their effects to one summer because the same light and heat are received in the 
former as in the latter period. It is chiefly owing to the small eccentricity of the 
earth's orbit that the seasons of the northern hemisphere resemble so closely the sea- 
sons of the southern hemisphere ; possibly the great southern ocean has a considerable 
influence in equalising the southern seasons. If the eccentricity of the earth's orbit 
were great the difference of summer and winter in the southern hemisphere would be 
greatly exaggerated ; and the fact that the angular velocity of the earth about the sun 
varied accordingly, would not render the effects of the intense heat of mid-summer and 
cold of mid-winter less distressing to the inhabitants of that hemisphere. 
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received in a sidereal revolution of Saturn about the sun. Thus, 
let us compare the heat received by two planets (which let us 
call p and r^) revolving in orbits of different eccentricities, but 
whose major axes are equal. Let the minor axes of the two orbits 
be respectively b and 6', 6 being greater than h\ Then, since the 
periods of the two planets are equal (for their mean distances are 
equal), it follows from the equable description of areas about the 
sun, that the area swept out by p in any time : the area swept out 
by p' in the same time :: the area of p's orbit : the area of p' 's orbit, 
or (by a well-known property of the ellipse) :: 6 : b\ Now, suppose 
both planets to be at their mean distances from the sun, that is, 
suppose they are equally distant from the sun ;»then the area swept 
out by p in any time : the area swept out by p' in the same time 
: : 6 : 6' ; but considering the motion of each for a very small inter- 
val of time, it follows from the equality of the distances that the 
area swept out by either varies as the angle ; hence, the angle swept 
out by p in any very small time : the angle swept out by p' in the 
same time : : 6 : 6'. In this time p and p' receive equal amounts of 
heat from the sun, since they are equally distant from him ; hence, 
from what was shown in the last paragraph, it follows immediately 
that the heat received by p in a sidereal revolution : the heat re- 
ceived byp'in a sidereal revolution ::V : b.* Or generally, the major 
axis of a planet's orbit remaining unaltered, the light and heat re- 
ceived in a sidereal revolution vary inversely as the minor axis of the 
planet's orbit. We have seen, however (Chapter II.), that though 
the eccentricity of Saturn's orbit is very observable, the minor axis 
is very nearly equal to the major axis, and thus the amount of heat 
and light received by Saturn is very little greater than it would be 
if Saturn revolved in a circular orbit at a distance equal to his 
present mean distance from the sun. 

* Thus : — Let h be the heat received by p and p' in the short interval of time con- 
sidered ; o and o', the angles respectively swept out by p and p' about the sun in that 
time ; h and h' the heat respectively received by p and p' in a sidereal revolution: then 
from what was shown in the preceding paragraph, it follows that — 

H : A : : 4 rt angles : a ; 

and h I B.':: o' : 4 rt. angles ; 

,\ {ex aq. in prop, pert.) h:h':: o' : a y, 1/ l b. 
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Of the electrical conditions of Saturn, as of the other planets, 
nothing is yet known. It is not altogether impossible, however, 
that as we approach the physical interpretation of the phenomena 
of terrestrial magnetism — phenomena no doubt chiefly due to 
cosmical causes — we may become acquainted with influences form- 
ing new and important bonds of union between the members of 
the solar system.* 

^ The connection between certain magnetic yariations and distnrbances in the solar 
atmosphere has been placed beyond a doubt ; it remains, however, to be proved that 
the phenomena stand in the relation of cause and effect. Since it is highly probable 
that the solar spots affect the simply of light and heat, it is not improbable that they 
also influence electrical qpnditions. We may consider, therefore, that Humboldt was 
too hasty in contemptuously rejecting the idea of such influence. Both sets of pheno- 
mena, however, may be due to some cause yet undetermined. The correspondence of 
the decennial period of each with Jupiter's period of revolution has been noticed. It 
may be remarked, however, that if the influence of Jupiter depended on any other re- 
lation than distance, such influence would operate twice in each sidereal revolution ; 
and his variations of distance (from the sun) are so small that no great influence can 
be attributed to them. The greatest number of solar spots are found alBO in years 
when Jupiter is not near his perihelion, as, for instance, in the year 1848, when he was 
nearer aphelion than perihelion. And, again, as far as terrestrial magnetism is con- 
cerned, we should expect any influence exerted by Jupiter to be greatest when he is in 
opposition, and no such variation has hitherto been noticed. It is not altogether im- 
possible that in the successive conjunctions and oppositions of Saturn and Jupiter we 
may find a more satisfactory explanation of the decennial period in question; for these 
take place at intervals of about 3,627 days, or nearly ten years. It is conceivable that 
the presence of both these planets along the same lime through the sun, whether in oppo- 
sition or conjunction, would exercise a great influence over the zones of cosmical bodies 
revolving about the sun, on whose motions, in all probability, the supply of solar light 
and heat in great measure depends (see Appendix II., Explanation of Astronomical 
Terms, Zodiacal Light). It follows from the results of Chapter VI., that the conjunc- 
tions and oppositions of Saturn and Jupiter occur successively along lines inclined to 
each other at angles of about 68*^ 39', each line of conjunction or opposition falling by 
that amount behind the preceding line of opposition or conjunction. Thus these lines 
complete the circuit of the two orbits in a retrograde manner in a period of about fifty- 
nine yeai-s. There must be a part of the circuit in which the infiuence of the planets 
in opposition or conjunction is most effective ; and we should therefore expect to find 
the successive maximum disturbances going through a series of variations in a period 
of about fifty-nine years. Observation appears to indicate that such variations actually 
take place in a period of fifty-six years, though a long interval must elapse before the 
true period can be considered as established. 

It has long been recognised that the disturbance prevailing along the equatorial zone 
of the sun's surface must be due to external causes, combining their effects with those 
due to the sun's rotation, ' which alone can produce no motions when once the form of 
equilibrium is attained.' External causes are clearly indicated also by the forms of the 
solar spots : their widest openings are outwards, which would not, probably, be the case 
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The physical conditions and phenomena of Saturn's globe must 
be affected in a marked manner by the rings that circle about him. 
These serve to illuminate the short summer nights, and to darken 
the short winter days of the Saturnian. Let us examine the 
nature of these effects, and the manner in which they are pro- 
duced. 

In the first place, neglecting all consideration of the illumina- 
tion of the system, let us consider what parts of the rings are 
above the horizon, and what are the apparent outlines of such 
parts on the celestial sphere, for different latitudes on Saturn's 
surface. We may also, for the present, neglect the refractive 
effects of Saturn's atmosphere. 

In fig. 2, Plate XL, let n e nV represent a section of the planet's 
globe through the centre o ; and let n l l'n' represent the corre- 
sponding section of the ring, — A Af being the sections of the division 
between the two bright rings, m l and m V the sections of the 
dark ring. Let n.p. be the north pole and a.p. the south pole. 
Thus if the figure be supposed to revolve about the line p o p' it 
would generate surfaces representing Saturn's globe and rings. 
Now imagine a spectator placed at the north pole n.p, : — the pole 
of the Saturnian celestial sphere is seen at his zenith, in the direc- 
tion p P ; his rational horizon is the celestial equator ; and it is per- 
fectly clear that t^ rings are altogether invisible to him whether he 
looks towards h or b'' or in any direction in the plane generated 

if they were due to internal action. The theory of the dynamical source of solar heat 
explains at once the equatorial zone of disturbance, the form of the solar spots, and 
their spiral motions of rotation. A flight of cosmical bodies falling upon the sun would 
necessarily be converted by the resistance of the solar atmosphere into a spirally rota- 
ting whorl of intensely hot vapour. "We may conceive such a vapourous whirlpool gene- 
rating a rotatory motion in the solar atmosphere and so causing vast depressions similar 
to those indicated by the fall of the barometer in cyclones : see Nichol's 'Cyclopaedia, 
Article Sun.' But a more plausible explanation may, I think, be suggested. Where the 
vapourous whorls approached the surface of the sun, their fierce heat would melt solid 
matter, turn liquids into vapours, possibly even vapours into some still more subtle 
form. The effects of such changes would correspond more closely than the effects of 
mere depressions with observed appearances. The outlines of the solar spots are 
sharply defined, and the spots change rapidly in form, especially before disappearing 
— ^phenomena which may not inaptly be compared to those presented when a stream of 
hot air is directed upon the surface of a sheet of ice covering water, till a large hole has 
been melted completely through the sheet, the ice being then allowed to form again. 
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by the revolution of h vi' about the axis p p'. Suppose now that 
he advances along the meridian namlte : — The point of the ho- 
rizon towards which he is advancing becomes the south point as 
soon as he has left the pole, and the pole of the celestial sphere 
leaves the zenith -point towards what is now the north point of the 
horizon ; as he advances, the south point of the horizon falls lower 
and lower below the celestial equator, until he reaches the point 
n (in which a tangent from n meets the ellipse n e n'e') when the 
outer edge of the ring becomes visible at the south point of the 
horizon. Continuing to advance, more and more of the outer ring 
becomes visible, the outer edge appearing as an arch in the south- 
ern horizon ; and soon after he passes a (on the northern arctic 
circle of Saturn's globe*) the inner edge of the outer ring becomes 
visible at the south point of the horizon. Soon after, the outer 
edge of the inner bright ring appears; and when he reaches the 
point m (in which a tangent from m meets the ellipse nenV) the 
inner edge of this ring appears. At I the inner edge of the dark 
ring becomes visible ; and after passing this point, parts of the 
complete system of rings are visible above the horizon, gradually 
rising higher towards the zenith, and extending farther and farther 
towards the east and west points of the horizon. Finally, at e he 
sees the inner edge only of the ring, extending as a zone of vari- 
able width on the celestial sphere ; the prime veifcicalt divides this 
zone into two equal parts, and the width of the zone plainly 
diminishes from the zenith, where the ring's edge is nearest to the 
spectator, down to the horizon, where it is farthest from him. If 

* The point a is determined by an inclination of a a, the tangent at a to the ellipse 
n e nV-', at an angle of 26° 49' 28" to the line n o n' ; ^r a Ar, the vertical at the point a of 
the Saturnian globe, is therefore inclined at the same angle to p o p'. In like manner, 
the point t on the northern tropical circle of Saturn's globe is determined by an incli- 
nation ofztfff the vertical at ^, in an angle of 26° 49' 28" to the line n o n'; ^ t the tan- 
gent at t is therefore inclined at the same angle to p o p'. The points t and a' on the 
southern hemisphere are determined in a similar manner. It may be noticed that g Js 
is parallel to t t, the tangent at t ; and z^ is in like manner parallel to a a, the tangent 
at a. The vertical at any point of Satnm's globe meets eoef farther from o as the point is 
farther from either pole ; thna at a point very near e or </ the distance from o of the 
point in which the vertical meets eoe'^ia ^ths of the equatorial semi-diameter, op 
more than 6,000 miles, the compression of Saturn's globe being assumed at ^. 

t At this time the northern and southern poles of the heavens both appear in the 
horizon, towards h'' and h respectively, and the celestial equator is the prime vertical. 
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we suppose our spectator to advance from e towards the south pole, 
it is clear that the rings pass over to the northern half of the 
celestial hemisphere, falling gradually farther and farther away 
from the zenith, and disappearing in an order the exact reverse of 
that in which they appeared. The same succession of phenomena 
would be presented if the spectator travelled along the other half 
of the meridian n e v!e\ or along any other semi-meridian from 
the north to the south pole. Thus, if we imagine TienV to 
represent, not a section, but a hemisphere of Saturn's globe, then 
n p n't\!' and n p n'n''' represent halves of polar regions within 
which the rings are altogether invisible ; n a a'li! and n a a'n^ repre- 
sent (approximately*) the halves of zones within which part of the 
outer ring only can be seen ; a m mfa^ and a m m'a' represent (ap- 
proximately) the halves of zones within which parts of both the 
bright rings can be seen, but no part of the dark ring ; ItfU and 
1 1 tl^ represent the halves of zones in which parts of ^1 the rings 
can be seen ; and finally 1 1 t'if represents one half of a zone within 
which the inner edge of the dark ring appears above the horizon.f 
It is easy to determine how much of each ring lies above the 
horizon of any point on Saturn's globe. Take, for instance,.the point 
a : — it is clear that the horizon-plane at a (in other words, the 
plane touching the globe of Saturn at a) intersects the plane of the 
rings in a line through A, perpendicular to the line non'. Let 
fig. 3 represent part of the ring-system on the same scale as fig. 2, 
but viewed from above the plane of the rings ; let o be the centre 
of the system, and draw a line o n crossing the edges of the rings at 
the points il\ m^', k!\ and n, corresponding to the points l, m, a, and 
N, respectively, in fig. 2. Then, if we draw A a^'a^ at right angles 

* The tangent from the inner point of the division at a falls near a towards m. 

t If Saturn w€re a perfect sphere it would be easy to determine the extent of these 
zones of his surface ; since the surface of a zone of a sphere : to the surface of the 
sphere (or four great circles of the sphere) : : the distance between the planes of the 
bounding circles of the zone : the diameter of the sphere. In the case of an oblate 
spheroid, zones parallel to the equator bear a somewhat greater proportion than this to 
the surface of a sphere of diameter equal to the equatorial diameter of the spheroid : 
the reader acquainted with the elements of conic sections will easily see that a narrow 
zone represented by the line t fU \ a zone of equal width (measured from plane to 
plane of its bounding circles) on a sphere of diameter eoe' : : the diameter conjugate 
to ^ o t' : the minor axis of the ellipse n e nV. 
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to o N, it is clear that A a'V represents the line in which the horizon 
plane of the observer at a, fig. 2, meets the rings' plane ; thus the 
segment A N a^ lies above the horizon of the point a. Similariy 
we obtain the segments m N m', l n l', and x N t', lying above the 
horizons of the points m, i, and t^ respectively ; and corresponding 
lines and segments for any other points of Saturn's globe.* 

Again^ it is easy to determine where an edge of a ring intersects 
the horizon of any point on Saturn's globe. Thus, for the point 
a : — a A, in fig. 2, is the distance of a from the line through a 
corresponding to A a^'a' in fig. 3 ; hence, if, in fig. 3, we take A'^a, 
equal to a A in fig. 2, along N o, and draw the lines a A and a a.\ 
the equal angles a a h!^ and hJa h!' are plainly the azimuths 
(measui'ed from the south point) of the points at which the ring's 
outer edge crosses the horizon. In a similar manner, by taking 
the lines M^'m, \J% and i!'ty in fig. 3, respectively equal to m m, l Z, 
and T ^, in Jpg. 2, we obtain the corresponding azimuthal angles 
M m m'' or v^m m'', l I iJ' or i/l l^^ and t ^ t'' or ift t'^ And if we 
draw i F, i u', ^ V and t v', we obtain the azimuths of the points at 
which the inner edge of the inner bright ring crosses the horizons 
of the points I and t respectively. We may obtain the correspond- 
ing azimuths in a similar manner for any point on Saturn's globe 
and for either edge of any ring. 

It is also easy to determine the altitude of the point at which an 
edge of a ring crosses the meridian of any point on Saturn's globe. 
Take, for instance, the point t in fig. 2, and join t n ; then the angle 
N^T at which ^N is inclined to ^t (the tangent at t to the ellipse 
n e n^e') plainly gives the altitude of the point at which the outer 
edge of the ring crosses the meridian — in other words — of the point 
N. The angle z^n is the zenith distance of the same point. If ^ sis 
drawn parallel to N o n', it is clear that the angle s ^ t gives the 
meridian altitude of the celestial equator above the horizon of t\ 
hence s ^ n gives the southerly declination of the point n of the 
ring's outer edge. In a similar manner the altitude of the point 
in which either edge of any ring crosses the meridian of any point 
on Saturn's globe may be determined. 

* Fop a point on Saturn's equator we obtain the line e x « x'e', cutting off the largest 
segment of the system that can lie abovQ the horizon of any point on Saturn's surface. 
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Let us next consider the form of the arched outline of the edge 
of a ring. If it were possible to view the rings from any point in 
the line p o p', it is clear that all the edges would coincide with 
declination-parallels on the celestial sphere, since the lines of sight 
from a fixed point in pop' to points in the circumference of the 
ring's edge, would be inclined at a constant angle to the line p o p'. 
But since all the points on Saturn's surface from which the rings 
are visible, lie at a great distance from p o p^ the edge of a ring 
(or, at least, that part of the edge which is visible) is viewed eccen- 
trically. Now a circle viewed eccentrically from a point above its 
plane appears as an ellipse ; and the greater the distance of the 
point of view from the perpendicular through the centre, in propor- 
tion to the diameter of the circle, the more eccentric such ellipse 
will appear. Hence the outlines of rings will not appear to coin- 
cide with declination-parallels ; and the deviation will be more 
marked in the case of the outline of an inner, than in that of an 
outer ring. It is easily seen that a declination-parallel through 
the point in which an edge of a ring crosses the meridian, falls 
below the apparent outline of the ring's edge on each side of the 
meridian, touching that outline cm the meridian. Take, for in- 
stance, the point ty fig. 2, Plate XI., and suppose a perpendicular 
let fall from t on the plane of the rings ; with the foot of this 
perpendicular as centre, imagine a circle described in the plane 
of the rings through the point n; this circle will fall within 
the outer edge of the outer ring, touching that edge at the point N. 
Now this circle, viewed from ty would coincide with a declination- 
parallel on the celestial sphere ; and the outer edge of the outer 
ring, viewed from t, would obviously appear to touch this circle, 
(and, therefore a declination-parallel) upon the meridian at n, and 
to pass above it on either side of the meridian. The same may be 
proved of the other edges of the rings, and from whatever point of 
Saturn's globe these may be viewed, except, of course, from points 
on Saturn's equator. It follows that the visible part of a declination- 
parallel passing through the points in which the outline of any 
ring meets the horizou, lies altogether above that outline. 

In Table XI. the relations here considered are expressed for all 
latitudes within which any part of the rings can be seen. The 
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meaning of the part of this table haviog reference to the rings 
may be shown as follows : — Take any latitude from the upper line, 
as, for instance, latitude 40** north, (corresponding nearly to the 
latitudes of New York, Madrid, Bokhara, and Pekin, on our globe). 
It appears from the table, that in this latitude the outer edge of 
the outer ring crosses the horizon at two points, 69° 36^ east and 
west of the south point ; attains an altitude of 30'' on the meri- 
dian, and an arc of 114° 2' — or somewhat less than one-third of the 
edge — lies above the horizon ; similarly the inner edge of the outer 
ring crosses the horizon 65° 57' east and west of the south point, 
and attains an altitude of 26° 11' on the meridian, an arc of 104° 2' 
lying above the horizon. Thus the outer ring covers two arcs of 3° 39' 
on the horizon and an arc of 3° 49' on the meridian. Although 
the arc on the horizon is nearly as great as the arc on the meridian, 
yet it is easily seen that the apparent breadth of the arch pre- 
sented by the ring is much greater on the meridian, for whereas the 
meridian crosses the arch at right angles, the horizon crosses it at 
an acute angle ; so that the apparent breadth of the arch near the 
horizon is much less than the arc of the horizon covered by it. Thus 
in north latitude 40° on SaturA's globe, the outer ring appears as 
a zone crossing the horizon towards the points e.s.e. and W.S.W., 
attaining a meridian altitude of 30° ; and this zone increases in 
width from the horizon to the meridian, where its width is about 
seven times as great as the apparent diameter of our moon. Simi- 
larly it may be shown that the inner bright ring rises as a much 
wider zone towards the points s.e. by e. and s.w. by w. of the 
horizon ; the upper edge of the zone rises to an altitude of 25° 22' 
the lower to an altitude of 12° 22', only, on the meridian ; thus the 
greatest width of the zone is 13°, or more than 25 times the ap- 
parent diameter of the moon. The great division between the 
rings forms a zone between them, whose greatest width (where 
the zone crosses the meridian) is less than 49',* or about three 

* The arcs of the horizon and meridian covered by the rings are somewhat greater 
than the arcs girep in the table, and the arcs covered by the division somewhat less ; 
for the thickness of the rings has not been taken into account in the table. Thus in 
latitude 6° the division between the rings would hardly be visible if the thickness of 
the system were 100 miles. The corrections due to this cause amount, however, 
only to a minute or two of arc in general. 
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semi-diameters of the moon. The dark ring covers nearly the 
whole space within the inner edge of the inner bright ring ; for 
the inner pdge of the dark ring crosses the horizon 13° 65' on each 
side of the meridian, and rises on the meridian to an altitude of 
only 46', so that only a narrow strip of sky about 28° from point 
to point and about three semi-diameters pf the moon in width on 
the meridian, is left uncovered by the rings on the southern horizon. 
Again, it appears from the table that the meridian-altitude of a decli- 
nation-parallel through the point (called A in the table) in which the 
outer edge of the system meets the horizon, is 34° 31^, or 4° 31' 
greater than the altitude of this edge where it crosses the meridian 
(at b) ; and that a declination-parallel through b crosses the horizon 
at distances 63° 29' on either side of the south point, or 6° 7' nearer 
than A to the south point : and similarly a declination-parallel 
through a! crosses the meridian 7° 38' above b', and a declination- 
parallel through b' crosses the horizon 12° 7' nearer than a' to the 
south point. Hence a star rising at A culminates 4° 31' above b ; a 
star culminating at b is altogether hidden by the bright rings, ex- 
cept for a very brief interval when it crosses the division between 
the rings; a star rising at a' is altogether hidden by the inner 
bright ring, being 5° 22' from the division between the rings even 
at culmination ; and lastly, a star culminating at b is visible 
(through the dark ring) throughout its path above the horizon. 
Hence many stars must remain altogether invisible until the slow 
precessional motions of Saturn's equinoctial points so far alter 
the declinations of such stars as to remove them from the invisible 
zone of the Satumian heavens. 

In a similar manner the appearance of the rings for any latitude 
may be determined from Table XL At Saturn's equator, the edge 
of the ring being turned towards the planet, it is probable, from 
the appearance of the rings when their edges are turned to the 
earth, that anin*egular zone of variable appearance is turned to- 
wards the Saturnians. Assuming the dark ring to be only indis- 
tinctly visible, and the inner edge of the inner bright ring to be 
100 miles in thickness, its appearance would be that indicated in 
note (^) Table XI. The width of the zone thus presented would at 
the zenith be nearly two-thirds, at the horizon about one-fourth, of 
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the apparent diameter of the moon. The absolute extent of surface 
of the ring-system visible above the horizon is greatest for lati- 
tudes near the equator,* but the apparent surface of the celestial 
sphere covered by the rings attains its maximum extent in higher 
latitudes. It will be seen from Table XI. that the arcs of the meri- 
dian covered, respectively, by the outer ring, the division between 
the rings, the inner ring, and the dark ring, attain their maximum 
values in about latitudes 45°, 40^ 32** 30', and 21** ; while the arcs 
of the meridian covered, respectively, by the system of bright rings, 
and by the complete system of rings, attain their maximum values 
in about latitudes 35° and 29°. 

It is clear that the bright rings are plainly visible from parts of that 
hemisphere, only, of Saturn which lies above their illuminated face. 
From the other hemisphere the rings are traceable in their eflFects 
in occulting the stars or other celestial bodies whose arcs above the 
horizon pass wholly or in part behind the rings. These rings may 
also reflect a faint light received from Saturn's moons. The dark 
ring may possibly be visible in both hemispheres, since the satellites 
composing it are probably separately visible from Saturn's surface. 
By day, the rings are either altogether invisible, or only appear as 
clouds of faint light below the sun's diurnal path. It might at 
first sight be supposed that the circumstance that these rings are 
composed of disconnected satellites, must have a marked eflfect, 
whether such satellites are separately visible or not; that the 
satellites in diflFerent parts of their revolution about the planet 
must exhibit such phases as our own moon, and that parts of the 
ring in which all the satellites are ^fuU' or nearly full, must present 
a much larger amount of illuminated surface to the planet, than 
parts in which all the satellites are ^ new ' or nearly new. A little 
consideration will show that this is not actually the case. The 
appearance of the system shows that the satellites composing it 
must be very numerous and closely packed : thus the eflFects of 
mutual eclipses and occultations among the satellites counter- 

* It is easily calculated that the surface of either face of the liiig-sjstem above the 
horizon at the equator is equal to about ^ths of the whole surface of either foce, con- 
sidered as extending from the inner edge of the dark ring to the outer edge of the 
outer bright ring, without regard to divisions. 
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balance the effects due to their phases, and the question of illumi^ 
nation may be considered precisely as it would on the assumption 
that the rings are solid bodies. Now the brilliancy of an illu- 
minated surface (beyond the earth's atmosphere) does not vary with 
the distance of the observer, nor with the angle ^t which he views 
the surface ; these circumstances affect the apparent magnitude of 
the object, and, in the same proportion, the total amount of light 
received by the observer, but the intrinsic brilliancy of the object 
remains unaltered. The apparent brilliancy of an illuminated 
surface varies, however, with the angle at which the illuminating 
body is elevated above that surface.* Hence the apparent bril- 
liancy of the rings at any instant is the same throughout their 
visible extent, and {cceteiia paribus) from whatever part of the 
hemisphere above their illuminated side they may be viewed ; but 
such brilliancy varies with the sun's changes of declination, in- 
creasing gradually from the vernal equinox to the summer solstice, 
and thence decreasing to the autumnal equinox. 

Between the vernal equinox and the summer solstice of either 
hemisphere, the shadow of the planet on the rings assumes suc- 

* It appears from these considerations that Professor Challis is in error when he 
states that a ' distant spherical body shining by reflected light would appear equally 
bright at all points of the disc' (Article on the Indications by Phenomena of Atmo- 
spheres to the Sun, Moon, and Planets, — ' Reports of the Astronomical Society,' June 
1863). A self-luminous spherical body whose surface is uniformly brilliant would so 
appear, and therefore we may accept the diminution of brightness near the sun's peri- 
phery as an indication that the sun has an atmosphere ; but in the case of a sphere 
shining by light received from a distant luminous body, the illuminated hemisphere 
is not uniformly brilliant, and therefore the disc presented by it exhibits corre- 
sponding variations of brilliancy. An atmosphere surrounding a planet, by tending 
to equalise the illimiination of the planet's sur&ce, would diminish rather than in- 
crease this variation ; in fact, there is no resemblance' between the cases of a self- 
luminous sphere and of a sphere shining by reflected lights as regards the effects to be 
attributed to the presence of an atmosphere. 

The variation of brilliancy is sufficiently conspicuous in the discs of the planets 
Saturn and Jupiter; and though these planets never present a gibbous appearance, 
yet there is a perceptible difference in the illuminations of opposite sides of the disc 
when the planets are in or near quadrature ; see the figures of Plate I. Similar varia- 
tions of brilliancy are exhibited by Venus and the moon, when homed or gibbous. 
When the moon is full the variation is also traceable, but less clearly, owing to the 
irregularities of her surface. An examination of the general brilliancy of different 
parts of the lunar disc confirms the views of the moon's form (as respects her visible 
hemisphere) presented in Note C, Appendix I. 

• N 
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cessively all the forms indicated in Plate XII.* At the vernal 
equinox the edges of the shadow are straight, as in fig. 1 ; at and 
near the summer solstice the outline of the shadow is part of an 
ellipse, an extremity of whose longer axis lies within the outer edge 
of the rings ; in all intermediate cases the outlines of the shadow 
are parts of an ellipse of considerable eccentricity. The interval 
of time in which the shadow changes from the form indicated in 
one figure to that indicated in the next is about 364 days. It is easy 
to determine the mmner in which the vast shadow of the planet 
sweeps over the illuminated face of the rings. At sunset, at and near 
either equinox, the rings are illuminated throughout their visible 
extent in all latitudes. Near the equator the shadow of the planet 
rises in the east, as soon as the sun has 6et,t eclipsing at once the 
whole breadth of the rings near the horizon ; in higher latitudes 
the shadow rises later, eclipsing first the outer edge of the rings. 
Later in the Saturnian year the curvature of the shadow shows its 
eflfect ; the parallel of latitude within which the eclipse commences 
along the inner edge of the rings passing higher and higher, until 
it includes all latitudes within which the rings are visible. Near 
thff summer solstice the outer edge of the outer ring is not eclipsed 
at all. The shadow also rises later and later to midsummer ; but 
as the nights grow shorter and shorter, and as in high latitudes this 
change takes place at a greater rate than the change in the hour at 
which the shadow rises, it will happen that, in high latitudes, great 
parts of the ring are already in shadow when the sun has set. In 
all latitudes and at all seasons the central line of the shadow crosses 
the meridian at midnight. At this hour a very small part of the ring 
is visible, even from points near the equator, near the time of either 
equinox; but, for about three years, near the time of the sumxaer sol- 
stice, the outer edge of the ring is not in shadow at midnight. At this 
time the system must present a magnificent appearance, as a vast 
double arch of light, indented by a broad elliptical shadow. Owing 

* The point of view in these figures is supposed to lie in the axis produced of the 
planet; the lines A a', l l', m m*, t t' and e e', correspond to the lines similarly lettered 
in fig. 3, Plate XI. ; and the circles n n'n", a da!', I VI", m mfm", i ff and e e'e" to the 
lines similarly lettered in fig. 2, Plate XI. 

t Owing to refraction the shadow doubtless rises before sunset, just as the eclipsed 
moon is sometimes risible while the sun is yet apparently above the horizon. 
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to the refractive'eflfects of Saturn's atmosphere, the outline of the 
shadow is probably fringed with a wide ruddy or copper-coloured 
penumbra.* The central line of the shadow sweeps uniformly 
round the rings, the shadow disappearing, at or before sunrise, in 
the west, in the same manner (at all seasons and in all latitudes) as 
it had appeared in the east. The changes taking place from the 
vernal equinox to the summer solstice are repeated in reverse order 
from the summer solstice to the autumnal equinox. 

In his * Outlines of Astronomy,' Sir John Herschel states that 
* the regions beneath the dark side ' undergo * a solar eclipse fifteen 
years in duration.' Dr. Lardner appears to have imagined that 
Herschel supposed the whole hemisphere beneath the dark side of the 
ring to undergo a total eclipse fifteen years in duration ; and, in a 
paper read before the Astronomical Society in 1853, he endeavoured 
to show *that by the apparent motions of the heavens produced by 
the diurnal rotation of Saturn, the celestial objects, including the 
sun and the eight satellites, are not carried parallel to the edges of 
the rings ; that they are moved so as to pass alternately from side 
to side of these edges; that, in general, such. objects as pass under 
the rings are only occulted by them for short intervals before and 
after their meridional culmination ; that although, under some rare 
and exceptional circumstances and conditions, certain objects, the 
sun being among the number, are occulted from rising to setting, the 
continuance of such phenomena is not such as has been supposed, 
and the places of its occurrence are far more limited.'t It will ap- 
pear, however, on a more exact examination, that Lardner was in 
error on nearly every point he imagined he had established. 

There are two methods by which astronomers determine the 
occurrence and nature of a solar eclipse. In one, the apparent 
paths of the sun and moon on the celestial sphere are examined for 
short intervals of time before and after the time of new moon ; and 

* No attempt has been made in Plate XII. to indicate either the form of such 
penumbras or the twilight-circle bordering the parts of the planet in shadow. The 
extent of these depends altogether on the unknown extent and refractive powers of 
Saturn's atmosphere. The true penumbra, or that due to the apparent size of the 
sun*8 disc, is too small to be appreciable either in these figures or in the figures of 
Plate XIII. 

t Dr. Lardner's * Museum of Science and Art,* vol i. p. 69. 

N 2 
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the moments of first and last contact and of central eclipse are 
thence deduced. In the other, a spectator is supposed to view from 
the sun the passage of the moon's disc across the larger disc of the 
earth ; the manner in which the given place on the earth's surface 
would appear to move, if viewed from the sun's centre during the 
time of passage, is easily determined ; and the moments of first 
and last contact, aifd of central eclipse, are determined from the 
simple principle that if the given point on the earth is so situated 
that it would be invisible from a given point of the sun at any 
instant, then such point of the sun must also be invisible from the 
given point on the earth, or, in other words, is eclipsed. 

The application of the first method to the eclipses of Saturn's 
surface by his ring-system is simplified by the consideration that 
the rings occupy an invariable situation on the celestial sphere of 
any given point on Saturn's surface. At the autumnal equinox of 
either hemisphere the sun has at rising an azimuth of 90° (in other 
words, the sun rises in the east), and attains a meridian alti- 
tude equal to the complement of the latitude. After the autumnal 
equinox the sun passes to the south of the celestial equator 
in northern, to the north in southern latitudes; and as his 
declination increases his meridian altitude and azimuth at 
rising diminish. At length the sun crosses the horizon at the 
points (called A in Table XI.) in which the outer edge of the 
outer ring meets the horizon. From this time the sun is eclipsed 
after rising and before setting for intervals of gradually increasing 
length, until he crosses the meridian at the same point (called b 
in Table XI.) as the outer edge of the outer ring. From this 
time the sun is eclipsed throughout the day (except, in certain lati- 
tudes, for two intervals of a few minutes, during which he is seen 
between the rings), until at rising and setting he crosses the 
horizon at the points (called Af in Table XI.) in which the inner 
edge of the inner ring meets the horizon. From this time the 
sun is visible (through the dark ring), after rising, and before 
setting for intervals of gradually increasing length, until he 
crosses the meridian at the same point (called b' in Table XI.) as 
the inner edge of the inner ring. From this time he is visible 
throughout the day (neglecting the partial eclipses probably caused 
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by the dark ring) until the winter solstice, and for a correspond* 
ing interval after the winter solstice. During the quarter of a 
Satumian year from the winter to the vernal equinox a similar 
series of eclipses takes place in reverse order. In latitudes higher 
than lO*' 6(f the sun does not reach the point b' ; so that in these 
latitudes eclipses in the middle of each day continue to the winter 
solstice. Again, in latitudes higher than 35** 52' the sun does not 
reach the point a', so that in these latitudes eclipses lasting 
throughout the day continue to the winter solstice. 

The intervals during which eclipses of each kind are continued 
can be roughly determined by construction in the method indicated 
at page 164. The last section of Table XL oontaiua the more 
trustworthy results of calculation. From this table it will be seen 
that, even at the equator, the sun is totally or partially eclipsed 
for several days ; but that the periods of eclipse increase rapidly 
with the latitude. Thus, in latitude 40**, the eclipses begin when 
nearly three years have elapsed from the time of the autumnal 
equinox. The morning and evening eclipses continue for more 
than a year, gradually extending until the sun is eclipsed during 
the whole day. As the sun does not reach the point A^ in these 
latitudes, these total eclipses continue to the winter solstice and 
for a corresponding period after the winter solstice ; in all for 6 
years 236'4 days, or 5643'0 Satumian days. This period is fol- 
lowed by an interval of more than a year of morning and evening 
eclipses. The total period during which eclipses of one kind or 
another take place is no less than 8 years 292.8 days. In a similar 
manner the eclipses for other latitudes are determined from 
Table XI. If we remember that latitude 40** on Saturn corre- 
sponds with the latitude of Madrid on our earth, it will be seen 
how largely the rings must influence the conditions of habitability 
of Saturn's globe, considered with reference to the wants of beings 
constituted like the inhabitants of our earth. 

The second method of determining the extent and duration of 
solar eclipses — called the method of projecting eclipses — is less 
exact than the former, but better adapted for illustration. The 
figures of Plate XIII. represent Saturn as he would appear if 
viewed from the sun at the vernal equinox of the northern hemi 
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sphere (fig. 1); at the summer solstice of the same hemisphere 
(fig. 8) ; and at six intermediate periods.* These epochs correspond 
with those of the figures of Plate XII., and^ like them, are se- 
parated by equal intervals of 384 days* The arctic circles are 
represented by the lines a of a" and ^2if2i'^ the tropics by the 
lines t VV and t t't", the equator by the line e eV, and the north 
pole by the point j:>, in each figure (see Chapter IV. pp. 95-99) ; 
the rings are supposed to be removed^ and their shadows on 
the planet's disc thus rendered visible, f These shadows pass to 
the southern hemisphere at the autumnal equinox of that hemi- 
sphere, travelling rapidly southward at first, but more slowly as 
their width increases; and about two years before the winter 
solstice the Iowct edge of the black shadow passes beyond the 
lower edge of the disc. The five dotted parallels of latitude 
in each figure (except fig. 1) represent: — ^The parallel just reached 
by the lower edge of the black shadow ; a parallel passed over 
by this edge ; a parallel just within the upper edge of the black 
shadow ; a parallel just clear of this edge ; and a parallel just 
dear of the dusky shadow of the dark ring. Now, owing to the 
rotation of Satiu-n on his axis, any point on his surface would 
appear to an observer in the sun to travel along a latitude-parallel, 
appearing on the left edge of the disc (the moment of sunrise at 
the place), and disappearing on the right (the moment of sunset 
at] the place). Hence, a place between the lowest pair of dotted 
parallels in any figure (that is, at the epoch represented by such 
figure) would be in shadow in the morning and evening, dipping 
below the shadow in the middle of the day ; a place between the 
second and third dotted parallels (counting upwards) would be in 
shadow throughout the day ; a place between the third and fourth 
would not be in the black shadow in the morning and evening, but 
would dip within it in the middle of the day ; and, lastly, a place 
within the two upper dotted parallels would not be in the dusky 
shadow in the morning and evening, but would dip within it in the 
middle of the day. These results correspond with those already 

* Fig. 1 corresponds to Saturn's position on the 18th of May, 1862; fig. 8, to his 
position in March, 1870. 

t To avoid confusion the line of light corresponding to the division between the 
rings is omitted in the figures of Plate-XIII. 
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obtained, and the figures of Plate XIII. sufficiently indicate the vast 
extent attained by the shadow near the time of the winter solstice, 
and the consequent long duration of eclipses, in latitudes not very 
near the equator. The shadow of the ring passes through the 
same changes of form in inverse order between the winter solstice 
and the vernal equinox of the southern hemisphere ; but the pole 
of the planet passes to the left, so that at the latter period fig, 1 
inverted represents the disc of the planet. The other figures in- 
verted indicate the manner in which the shadow sweeps across the 
northern hemisphere, to the winter solstice of that hemisphere. 
The shadow, in returning, passes through the same changes, but in 
inverse order, and sloped towards the left instead of towards the 
right. Thus, at the end of the Saturnian year the appearance of 
the disc is again as in fig. 1. 

All objects whose declinations are variable, such as the planets 
and the outer satellite, undergo a similar series of eclipses. The 
extent and duration of such eclipses for any celestial object will 
vary with the range of the object's changes of declination. Thus 
the outer satellite, whose declination never exceeds 15° north or 
south of Saturn's celestial equinoctial-line, may be totally eclipsed 
during the whole time it is above the horizon only in latitudes 
lower than 25° north or south ; since the point b of the ring is 
more than 15° from the equinoctial in higher latitudes. 

jSince the seven interior satellites move very nearly in the plane 
of the rings, it is clear that in places very near Saturn's equator 
these satellites can only become visible when they reach their 
gi-eatest departure from the plane of the rings. In all other parts 
of Saturn's surface these satellites can never be eclipsed by the 
rings. Their orbits being (approximately) circles concentric with 
the rings, would, like the edges of the rings, appear as ellipses to 
the Satumians, and would lie altogether clear of the rings— just 
as the outer edge of a ring lies altogether clear of the inner edge. 

The apparent magnitudes of the satellites vary with the point 
of Saturn's surface from which they are viewed, and with their 
own motions. The following table will serve to give an idea 
of the relations among the satellites in the latter respect; the 
satellites are supposed to be viewed from a place near Saturn's 
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equator ; in higher latitudes the satellites vary similarly in apparent 
magnitude, but within a narrower range of variation, as they 
traverse the Ay from horizon to horizon : — 
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The eclipses of the satellites by the planet, and of the planet by 
the satellites, may be determined by the methods applied to the 
rings. These eclipses have been considered in Chapter IV. 

Of the planets only Jupiter and Uranus are visible to the Satur- 
nians supposing their eyesight as ours. Jupiter is an inferior 
planet; and its phases, viewed from Saturn, resemble those of Venus 
viewed from the earth. Although Jupiter approaches as near to 
Saturn, when in conjunction, as to the earth when in opposition, 
he is, in the former case, invisible to the Saiurnians, since he rises 
and sets with the sun. Since in other configurations Jupiter is at 
a greater distance from Saturn than from the earth when in oppo- 
sition, and since, further, only a part of his illuminated face is 
turned towardsthe Saturnians, he can never present an appearance 
even approaching in brilliancy the appearance he presents to the 
earth when in opposition. His mean synodical period with respect 
to Saturn is 7253-445 days. Uranus is a superior planet to Saturn, 
and must be distinctly visible when in opposition, being then 
removed by a distance only one-half that by which he is removed 
from the earth when in opposition. But before reaching quadra- 
ture Uranus must become invisible to the Saturnians, supposing 
their eyesight as ours. His mean synodical period with respect to 
Saturn is 16568-295 days. 
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The result of the examination of the probable physical condi- 
tions and phenomena subsisting on Saturn does not appear to 
favour the supposition that the planet is a suitable habitation for 
beings constituted like the inhabitants of our globe. The variation 
of gravity, the length of the Satumian year, and the long-pro- 
tracted eclipses caused by the ring, are the circumstances that 
seem to militate most strongly against such a supposition. Over 
a zone near the Satumian equator these circumstances have less 
effect, however ; and it is not impossible that arrangements un- 
known to us prevail on Saturn which may render other parts of 
his surface habitable as we should imderstand the term: — *The 
very combinations which convey to our minds only images of 
horror, may be in reality theatres of the most striking and glori- 
ous displays of beneficent contrivance.' * 

On the general question* of the habitability of the system that 
circles about Saturn, we have no means of forming an opinion. 
From the analogy of our moon it appears highly probable that no 
part of the system is habitable by such creatures as inhabit our 
earth, f 

* Herschel's * Outlines of Astronomy,' p. 286. 

t See Note C, Appendix I., Habitability of the Moon. 
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NOTE A. 

CHALDEAN ASTRONOMY* 

The Planetary Fire 

With a submissive reverence they beheld ; 
Watched from the centres of their sleeping flocks 
Those radiant Mercuries, that seemed to move 
Carrying tJirough aether in perpetual round 
Decrees and resolutions of the gods. 

"WOKDSWOBTH. 

In many parts of the East astronomical systems axe fomid which bear 
obvious traces of a common origin. We find in all the same duodecimal 
division t)f the Zodiac ;* the week used as a division of time ; the planets 
associated in the same order with the days of the week and the hours of 
the day ;f and other points of resemblance, sufficiently marked to leave 
little doubt that they are not accidental. 

Meagre and imperfect as these systems now appear, there can be little 
doubt that the system from which they sprang was founded by astro- 
nomers of great ability, close observers and careful interpreters of nature. 
The origin of the system must be placed in a remote antiquity. The 
Egyptians, to whom the invention of astronomy is sometimes attributed, 
in all probability derived their system from a more ancient nation. The 
claims of the Chinese may be dismissed at once, if we consider the cha- 
racter of that people — apt to imitate but slow to invent. When we 
examine the claims of the Indians, Persians, a^d Babylonians, we are met by 
a singular circumstance : — Their systems of astronomy/ belong to a latitude 
considerably higher than the latitudes of Benares^ Persepolis, or Babylon, For 
the Brahmins teach in their sacred books that the longest day in summer is 
twice as long as the shortest day in winter, which is not the case in any 

* The signs of the Zodiac are not the same in all the systems. The signs we use — 
the Ham, Bull, Twins, &c. — appear to have been derived from the Dodecatemoria of the 
Chaldaeans ; the Chinese name the signs as follows : — The Mouse, Cow, Tiger, Hare, 
Dragon, Serpent^ Horse, Sheep, Monkey, Cock, Dog, and Bear. 

t This order is as follows : — The Sun, the Moon, Mars, Mercury, Jupiter, Venus, 
and Saturn for the days of the week ; Saturn, Jupiter, Mars, the Sun, Venus, Mercury, 
and the Moon for the hours of the day, — the first hour of each day being associated 
with the planet that ruled the day. 
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part of India ; so also Zoroaster taught the Persians ; and Ptolemy obtained 
ancient Babylonian records of star-risings, and these belong to latitudes 
certainly not lower than the 40th parallel. In the measurement of the 
earth^s circumference adopted by ancient astronomers, we have a singular 
confirmation of this circumstance. It corresponds to a latitude of about 
4b° ; and taking into account errors of observation, we must yet place the 
latitude of the country in which the measurement was effected somewhere 
between 35° and 55° north. 

Struck by the singular circumstance that these nations should employ a 
system of astronomy with which the celestial phenomena visible to them 
do not even approximately correspond, BaiUy was disposed to ascribe the 
invention of the system to an extinct race, whom he called the Atlantides. 
He placed the seat of this race in Tartaiy or Siberia ; but the cradle of 
the race, — and, indeed, • of mankind — ^the Atlantis of Plato's Timsus, 
he placed ' somewhere near the north pole.' Uncertain whether Iceland, 
Greenland, Nova Zembla, or Spitzbergen, were the true Atlantis, he 
avowed a preference for Spitzbergen as * nearest to the pole.' He pleaded 
thus plaintively for these cheerless r^ons : — ^ Are not these countries 
miserable enough, deserted as they are by the sun ; covered with ice which 
grows thicker every year ; left desolate by the emigration of their in- 
habitants ? Shall we, too, abandon them ? Should we not rather console 
them for the losses they have sustained, and for their present state, by 
praising their former condition ?' Accordingly he proceeded to claim so 
high a value for the scientific attainments of the race, as to give rise to the 
remark of D'Alembert, that 'the race appears to have taught mankind 
everything except their own name and existence.' 

There is no occasion, however, to seek in these iminviting regions either 
for the origin of the human race or of science. We may accept the traditions 
which point to the Chaldseans as the first people who dwelt in cities and 
formed a nation. All that is necessary to reconcile their claim to the inven- 
tion of astronomy with the £i^ stated above, is to suppose that they were 
not originally settled in Mesopotamia, where they afterwards appeared, but 
near Mount Ararat, and that the race spread themselves so &r north as the 
Caucasian range. It would be easy to account for their removal from 
these regions. They were subdued by the Ass3nians, and by the Babylo- 
nians ; and the deportation of conquered races was the common practice 
of both these nations: Chaldsean astronomy was already fiunous, so 
that it is in na way improbable that the monarchs of Assyria and Baby- 
lonia, anxious to attach the credit of so much learning to their own 
courts,* would remove the Chaldaeans (even from such distant regions) 

* In the time of Daniel ve find the Ghaldseans set apart as a race devoted to the 
study of the stars and laying claim to the possession of magical powers. It was part 
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successively to Nineveh and Babylon. That Mesopotamia was not the 
original seat of the race is evident from the words of the book of Judith 
(undoubtedly written by a person well-informed respecting the Chaldseans) : 
— * This people ' (the Jews) * is of the offspring of the Chaldteans. They 
dwelt first in Mesopotamia, because they would not follow the gods of their 
Others, who were in the land of the Chaldaeans ' : Judith, v. 6. 

Two arguments have been urged by Bailly against the claims of the 
Chaldaeans to the invention of astronomy. They were acquainted with the 
&ct that comets are wandering members of our system, and Bailly finds a 
difliculty in imderstanding how the Chaldseans should discover what 
Hevelius denied all his life, and what Cassini loDg considered doubtful. 
He does not tell us why tibe AtLantides should be better informed than 
the Chaldseans. Possibly he considered that, having gone to the Poles to 
invent a nation, he could assign to them what attributes he pleased ; or he 
may have wished to * console them for their present state by praising their 
former condition ;' otherwise, there is no nation of antiquity for whom 
comprehensive views of nature and a high amoimt of mental culture might 
be more justly claimed Ihan for the Chaldaeans. Dr. Prichard, the cele- 
brated ethnologist, considered that the Syro- Arabian or Semitic branch of 
the human £imily has at aU times equalled in mental development the 
most fevoured races of the Indo-European branch. * The Semitic nations,* 
says Himiboldt, ' afford evidence of a profound sentiment of love for nature ;' 
and in another place he says, ' a grand and contemplative consideration of 
nature was an original characteristic of the Semitic races.' 

Secondly, Bailly argues that the Chaldseans were not sensible of the true 
value of the system tliey used. In support of this statemait he urges that, 
although we learn ftom Berosus that the Chaldseans were acquainted with 
the period of 600 years, which Cassini thought so perfect,* they made little 
use of it. Now, whatever the advantages of the period of 600 years — . 
and CJassini greatly over-rated them — it is slightly cumbrous, and we can- 
not wonder that the Chaldaeans should employ their convenient Saros of 
18 years, "rather than a period of as many generations. 

It may, however, be admitted that the ChaldsBans, subdued successively 
under the despotic control of Assyrian, Babylonian, and Persian rulers, 
gradually lost the skill that had distinguished them in their days of freedom. 
The decay of science that usually follows the subjection of a nation, was 
hastened in the case of the Chalda?ans by other circmnstances. Poetical, 

of their servitude to overawe the ignorant Babylonians ; they revenged themselves by 
deceiving their equally ignorant rulers. 

* * Six hundred years,' Cassini wrote, * is the finest period that ever was invented ; 
for it brings out the solar year more exactly than that of Hipparchus and Ptolemy, 
and the lunar month within on^ second of what is determined by modem astronomers.' 
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fanciful, and, like all eastern nations, quick in tracing fanciful analogies, 
the genius of their race led them early^ to choose the heavenly bodies as 
types of the divine attributes, and, in later times, as objects of adoration. 
The planets were regarded with peculiar reverence, and the later Chaldaeans 
reposed undoubting faith in the influence of these orbs on the destinies of 
men and nations.* Such views must have proved a serious check upon 
their progress. Astronomical discoveries came to be jealously guarded as 
sacred secrets, to he revealed only to the initiated, and to them only by 
symbols. The spirit of inquiry and speculation began next to be viewed 
with suspicion and distrust ; astronomers contented themselves with hand- 
ing down the records of observations, without discussing how far these 
tended to support or to modify the systems they had been taught. Expe- 
rience has repeatedly shown that the effects of such a course are not merely 
repressive, but destructive. Men can no more succeed in stereotyping a 
system of science than they can arrest the development of a tree without 
destroying it. 

On the whole there appears to be no valid reason for rejecting the tra- 
ditions which attribute the origin of astronomy to the Chaldaeans, and 
which assign a high value to the system they founded, and to the accuracy 
and extent of their observations. The records that have been handed down 
to us are mixed up, however, with much that is Mae and exaggerated : we 
have such fables as the tale, of Ctesias, that the observations of the Chal- 
daeans had been continued for 470,000 years, during which time they had 
calculated the nativities of all the children that were bomf ; they 
believed, also, we are told, that the earth is formed like a boat ; that the 
earth would be overwhelmed by a flood when all the planets were conjoined 
in Capricorn, and destroyed by fire when such a conjunction took place in 
Cancer ; and many other such febles have been handed down to us. On 
the other hand, many accounts of their observations, the periods they em- 
ployed, and the discoveries they effected, agree very closely with the dis- 
coveries of modem times ; and it is not probable that these accounts were 
invented by the writers who relate them — often themselves ignorant of 
astronomy. Thus we learn fk)m Diodorus Siculus, and Apollonius 
Myndius, that the Chaldaeans maintained that comets are bodies travelling 
in extended orbits, and were able to predict the coming of some of these 
meteors-J Tbey were acquainted with the precession of the equinoxes, 

* The Chaldaeans asserted that astrology was founded * not in reason and physical 
contemplations, but in the direct experience and observation of past ages.' Bacon's 
* Advancement of Learning/ Book III., chap. iv. 

t This fable is referred to by Cicero, lib. ii., de Bivinat. c. 97. Other accounts make 
the number of years 270,000. Frocltis in Tinusus^ lib. i., p. 31. Diog; Laert Prooem, 
p. 3. 

\ The account that the Chaldseans were able to predict earthquakes and inundations 
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making use of a tropical year of 865 days, 5 hours, 49 minutes, 11 seconds 
(only 25 seconds too great), and a sidereal year of 365 days, 6 hours, and 
11 minutes (not quite 2 minutes too great). The Chaldseans Ivere also 
acquainted, long before the Egyptians and Greeks, with the art of dialling. 
But the most remarkable evidence of their skill and ingenuity is un- 
doubtedly the invention of the period called Saros* (or Restitution), by 
which they were able to predict lunar eclipses, and announce the days on 
which eclipses of the sun might be expected. This period is still used by 
astronomers, and is the best period of the kind ever invented. Its nature 
may be thus stated : — Eclipses of the sun and moon can only take place 
when the moon is new or full, and near one of her nodes ; thus the recur- 
rence of eclipses depends chiefly on the common and nodical lunar months : 
but the apparent magnitude of the moon, and her position in the sky, must 
plainly affect the nature and visibility of an eclipse ; so that the recur- 
rence of eclipses depends in part on the anomalistic and sidereal lunar 
months. Now, the Saros contains 223 lunar months ; falls short of 242 
nodical months by about 39 minutes, and of 239 anomalistic months by 
less than 5 hours; and lastly, exceeds 241 sidereal months by less than 
a day. Thus eclipses very nearly recur, take place nearly in the same 
part of the celestial sphere, and the magnitude of the moon is veiy nearly 
equal, in the corresponding eclipses of each successive cycle. Modem 
astronomers calculate the length of the Saros to be 6,585 days, 7 hours, 
40 minutes, and 38 seconds ; the Chaldaean value of the period was 6,585 
days, 8 hours, exceed.lng the true period by only 19 minutes, 22 
seconds."!' 

There are good reasons for supposing that the Chaldaeans were acquainted 
with the true system of the universe. It has been mentioned in Chapter II. 
that the ancients were acquainted with the relative distances of the planets, 
a knowledge which could only have been obtained from considerations 
foimded on the true system. Again, though Hipparchus had the advantage 
of Chaldaean records with which to compare his own observations, he 
deduced the tropical and sidereal years — in other words, calculated the 
precesfflon of the equinoxes — with less correctness than the Chaldaeans. 

is possibly fabulous. It is not altogether impossible, however, that, close observers 
as they were of nature, and able to devote their whole time to watch her operations, 
they noted and recorded warning signs that escaped the notice of the less observant. 

* Hesychius says, ^dpos apiByu&i ris irotp^ Ba$v\otvlois. The ancients were not well 
acquainted, however, in general, with the nature of the Saros. Abydenus and Berosus 
estimated the Saros at 3,600 years ; Euseb. Chron., lib. I. p. v. 13, and p. vi. 37. 
Suidas came nearer the true value, estimating the Saros at 18^ years. 

t They trebled the period to make the number of days exact, so that eclipses 
happened nearly at the same hour of the day in each successive triple-Saros. 
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Hence we may conclude that such accurate observers were not unacquainted 
with those irregularities which the Epicyclians were forced to explain by 
means of epicycles, eccentrics, and oscillating planes. Now, it was a part 
of the Greek character to frame systems on insufficient knowledge, and to 
explain false systems by felse hypotheses, — 

Collecting toys 
And trifles for choice matters, worth a sponge ; 
As children gathering pebbles on the shore.* 

We can understand, then, that the Greeks should make the earth the centre 
of all celestial motions, should suppose these to take place necessarily in 
circles, and the like. But we have no reason for supposing that the Chaldaeans, 
close and patient observers of nature, and disposed, like all the Semitic 
races, to seek grand and simple interpretations of natural phenomena, 
would make the earth the centre of motion, when observation had once 
proved that such a system could only be maintained by cumbrous and 
complicated hypotheses. On the contrary, from the reverence with which 
they regarded the planetary bodies, it seems little likely that they imagined 
these bound to move about a terrestrial centre. 

It may be urged that, if the Chaldseans considered the sun to be the 
centre of the scheme, they must either have adopted some such modified 
system of epicycles and eccentrics as Copernicus, or else have preceded 
Kepler in the discovery of the elliptic motion of the planets. It appears, 
indeed, highly probable that their observations were conducted with 
sufficient accuracy to enable them to detect the ellipticity of the planetary- 
orbits, f The account given by Philolaus of the opinions of Pythagoras 
seems clearly to point to knowledge of this kind. We have seen that the 
Chaldaeans regarded the planetary motions as sacred secrets, not to be spoken 
of save in doubtful mysterious terms. Further, in the time of Pythagoras 
they were subdued under Cyrus ; so that, fearftil of offending the Fire- 
worshipping Persians, the Chaldaeans woTild conceal their own religious 
opinions — or, in other words, their system of astronomy. If the opinions 
attributed to Pythagoras by Philolaus were really derived fit)m Chaldaean 

* * Greek natural philosophers,* says Humboldt, ' were but little disposed to pursue 
observations, but evinced inexhaustible fertility in giving the most varied interpreta- 
tions of half-perceived facts.* * The Greeks,* wrote Bacon, * by only employing the power 
of the imderstanding, have not adopted a fixed rule, but have laid their whole stress 
upon intense meditation, and a continual exercise and perpetual agitation of the mind.* 

t * Callisthenes,* says Porphyrins, *sent to Greece observations of the planetary mo- 
tions taken by the Chaldaeans for 1,903 years before Alexander*s entry into Babylon.' 
Aristotle, speaking of an occultation of Mars by the moon, adds, * Such observations 
have been made on the other planets for many years by Egyptian and Babylonian as- 
tronomers ; and many of these have come to our knowledge.* 
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astronomers, they effectually attained both ends by simply telling him 
* that the earth and planets move in oblique circles about Fire.' Philolaus 
adds, * as the sun and moon do,' from which we may conclude that he, at 
least, was not acquainted with the true system ; nor is it probable that 
Pythagoras was better informed ; but the very circumstance that Pythagoras 
probably knew little of astronomy makes it the more remarkable that he 
should not only attribute motion to the earth, but assign elliptic orbits to 
the earth and planets. 

There is no evidence that Chaldaean astronomers were acquainted with 
the nature of gravity. They may have conceived the idea that the sun 
and planets exercise attractive influences varying with their distances 
and volumes, but there is no reason to suppose that they were able to 
deduce from the motions of the planets the msmner in which such attrac- 
tion varied, still less that they were acquainted with the general principle 
now known as universal gravitation. Dr. Gregory, however, considered 
that either Pjrthagoras himself or the astronomers from whom he derived 
his system were acquainted with the law by which gravity varies with 
distance. * He observes that these philosophers spoke allegorically when 
they asserted that Apollo touched the seven-stringed lyre, which he sup- 
poses to represent the sun and the seven planets, and to indicate that the 
former retained the latter by attractive forces in harmonic proportion; 
and, because the tones obtained from chords of equal thickness are in- 
versely proportioned to the squares of their lengths, he infers that the 
harmonic proportion alluded to is the inverse duplicate of the squares.' * 
We may adopt the opinion of the author from whom the above passage is 
derived, that the doctrines of Pythagoras did not lie quite so deep ; and 
it is little likely that the Chaldseans concealed real knowledge under so 
obscure and fanciful an image. 

Mr. Layard has shown that the Assyrians and Babylonians were skilful 
mechanicians, and particularly well acquainted with the nature of the various 
metals, and the best methods of working and alloying them. There can 
be little doubt from the account handed down to us in the Book of Daniel 
of the state of the Chaldseans under their Babylonian masters, that neither 
wealth nor skill was spared in erecting buildings that might serve as 
observatqries, and in supplying these with astronomical instruments of the 
best workmanship. The terrace and pyramid of Belus, for instance, were 
used for astronomical among other purposes : here the Chaldaean astrono- 
mers pursued tiieir labours, and thence they proclaimed tiie hours of the 
night. We learn from Callisthenes and Epigenes that they recorded 
astronomical observations on bricks and tiles. Many such tablets, 

* * Th« Earth and its Mechanism.' By H. Worms, Pp. 9, 10, 
O 2 
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formed of clay, and bearing inscriptions in cuneiform characters, have been 
discovered by Mr. Layard and other eastern travellers. The inscriptions 
appear to have no reference to astronomical observations. Across the 
tablets, however, while yet moist, engraved cylinders were rolled, and the 
impressions thus stamped appear, in general, to be records of celestial 
phenomena. It may be conjectured that one of the duties of the Chal- 
daeans was to superintend the construction of cylinders, the symbols on 
which should serve to indicate to the initiated the date corresponding to 
each tablet.* 

When we consider the marvellous exactness with which the Chaldsean 
astronomers calculated the several periods their determinations of which 
have reached us, the question suggests itself whether they could possibly 
have attained such exactness without the aid of the telescope. The art of 
making glass was known to the Assyrians, who were also sufficiently 
acquainted with the science of optics to construct lenses. Sir David 
Brewster, speaking of a plano-convex lens of rock-ciystal discovered by 
Layard at Nimroud, says : — * The convex side is tolerably well polished, 
and though uneven from the mode in which it has been groimd, it gives a 
tolerably distinct focus, at the distance of 4^ inches from the plane side : ' 
he adds, * It could not have been intended as an ornament ; we are 
entitled, therefore, to consider it as intended to be used as a lens, either for 
magnifying, or for concentrating the rays of the sun.* 

If we were better acquainted with the nature of the Chaldsean system 
of mythology, and knpw the planets with which their various deities were 
associated, we might be assisted in the inquiry whether they used telescopic 
aid in examining the celestial bodies. It is clear that little connection exists 
between the Assyrian and Greek systems of mythology. Now and then 
some attribute of an Assyrian reminds us of a Greek deity ; but when we ' 
proceed to consider other attributes no farther resemblance can be traced.^ 
Various opinions have been expressed as to the celestial bodies with which 
the deities were severally associated ; the most probable arrangement ap- 
pears to be the following :—Nisroch, the great triune deity, was associated 
with the planet Saturn ; Bel vnth Jupiter ; Merodach with Mars ; Mylitta 

* It is doubtful whether all the symbols on these cylinders are astronomical, or only 
those around the principal figures and in the background. It has been suggested that 
the principal figures may represent constellations. Among symbols representing the 
pun, moon, and stars, Dr. Birch has detected figures corresponding to ten of the 
Zodiacal constellations. 

t For instance, Mylitta, the chief goddess of the Assyrians, wife of Bel (chief of 
the twelve great gods presided over by Nisroch), corresponds so far with Her^ ; but in 
her other attributes more nearly resembles Aphrodite. 
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with Venus ; Nebo with Mercury ; Ishtar with the moon ; and Shamash 
with the sun.* 

Fig. 1, Plate XIV., represents one of the forms in which the deity Mylitta 
appears in Assyrian sculptures. In her left hand she bears an emblem re- 
sembling the symbol still used by astronomers to represent the planet 
Venus ; f in her right hand she bears a staff tipped with a crescent. Now, 
with moderate telescopic power, Venus is the only planet that ever presents 
the crescent form. Mercury only assuming that form when too near the sim 
to be seen without telescopes of great power, properly mounted, and di- 
rected to the calculated place of the planet on the celestial sphere. It may 
therefore be noticed as, at the least, a singular coincidence, that the cres- 
cent should be found associated, not with the deity representing the moon, 
but with the deity representing a planet whose appearance never affords 
any indication to the unaided eye of the crescent form. 

Bel or Baal is variously represented in Assyrian sculptures. Among 
the winged globes, which probably symbolised at the same time a deity 
and the planet with which he was associated, we find one in which the 
central globe is surrounded by four others : this may possibly indicate the 
system of satellites attending on Jupiter. Bel is also represented with four 
horns ; and a figure in Assyrian sculptures with four star-tipped wings 
probably represents the same deity. | 

Nisroch or Asshur (among other attributes) was the time-god or year- 

* In one of the Phoenician dialects the snn is called Camosh, a term probably iden- 
tical with the epithet Chomeus of Apollo. Humboldt mentions in his * Views into 
Nature ' that Camosi is a South-American word for the sun. 

t This symbol ( 9 ) somewhat resembles the Egyptian symbol of life (the crux ansata)i 
which consists of a straight rod and circle separated by a cross-bar, — emblematic (I sup- 
pose) of temporal and eternal life separated by death. Mylitta * was sometimes represented 
with the waters of life flowing from her breasts : * see Layard's ' Nineveh and Babylon,* 
p. 606 ; note also the first figure on page 605. The figures of Plate XIV. are taken 
from the above-named .work, and from Layard's * Nineveh and its Kemains.* 

The astronomical symbols of the planets have been derived, in all probabihty, from 
Chaldsean and Assyrian sources. The symbol of the planet Mercury ( 5 ) is the caduceus, 
which, like the petastts^ is an emblem of eastern origin. The symbol of Mars ( S ) repre- 
sents a shield and spear — the former being the circular shield ' with which Assyrian 
spearmen are constantly represented* (Layard's * Nineveh and Babylon,* p. 194). The 
symbols of Jupiter and Saturn ( 2/. and fj ) are more doubtful ; a resemblance has been 
traced between the former and the initial letter of the Greek Zeus ; it appears to me 
far more probable, however, that the S3rmbols of Jupiter and Saturn are simply the 
Syro-Arabic forms of the numbers 4 and 5, indicating the positions of these bodies 
in the scheme of the Planetary Five. The symbol of the earth ( i ) is simply the 
inverted emblem of life, and possibly bears some reference to terrestrial corruption and 
decay, 

t If the Chaldseans used telescopes even of moderate power they must have been 
acquainted with the vastness of Jupiter's bulk, and would therefore, in all probability, 
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god, beneath whom were the twelve great gods presiding over the 
twelve months of the year ; and beneath these again some 4,000 deities who 
ruled over the days of the year and the various phenomena of nature. If 
the Chaldaean astronomers were acquainted with the fact that Saturn is 
girdled about by a ring, they could have chosen no more suitable repre- 
sentation of a deity who was supposed to sway * the circling seasons and 
the flight of time.' For among all nations and in every age the ring has 
been chosen as the aptest emblem of time; and such names as annuSy 
tvocy troc eviavTocj y^r, • &c., indicate that the ring has been con- 
sidered an especially appropriate emblem of the simplest and most marked 
recurring period known to man. Thus we find the serpent-ring among 
other emblems of Cronus or Saturn ; and Homer constantly applies to 
Cronus the epithet ayicvXo/i^riyc, an epithet plainly connected with the 
influence of this deity over the year.f 

We have seen that Gralileo was able to detect a peculiarity in Saturn's 
figure with a very low telescopic power. In the clear skies of eastern 
climes, it is probable that the same or even less power would distinctly ex- 
hibit the form of the ring. But, further, if we suppose, as we are justified 
in doing, that the changes observed in Saturn's rings during tiie 200 years 
that have elapsed since their discovery, form part of a progressive series of 
changes, the rings must have been very much narrower — and, therefore, 

assign to him a proportionately rast attractire influence. Possibly some tradition of 
such knowledge is embodied in the well-known passage : — 

El 8* Ayt, -K^ip^itroffBe 0«o2, 1»a cISerc inbrr€S, 

Udrrts 8* i^dirrwBt 0€ol, ircurcd re $4aivaf 
*AXA* od« &y ip^MT* 4| ovpav69€v irc8W8« 
Zfit^ dirarov fxticrrt^*, ow5* c< fiAKa voAAa Ko/uotre* 
'AAA* 8rc 8^ KeX iyi» itp6^pw 4$(\otfu ipiaffot, 
AdrJ K9V ycdjj ipvtraifi*, tdnf re Oakdfftr^' 

AriffttlfiTiv T& 8^ 1^ a8T€ fi€T^opa vdma y4voiro. 

IHad VIII. 18-26. 

Compare also line 461 of the same Book, and Plato's * Thesetetus,' i. 153. The image 
in the aboye passage seems singularly infelicitous unless interpreted in some such way 
as is indicated above ; such an explanation appears more natural than that commonly 
offered, which refers the image to subtle dogmas of physical influences and powers, 
associating together the Tarious parts of the universe. 

* From yra^ to surround. 

t The later meaning of the epithet appears little suited to a deity represented as a 
semi-idiotic old man swallowing stones for children. As the epithet fio&wis of Her^ 
was probably derived from the worship of the eastern original of Her^ under the form 
of a cow (Miiller *Scient. Myth./ p. 202), so the epithet &yKv\ofi^ris either refers, like 
the mythological account of Cronus, to his rule over the seasons, or is derived from the 
form under which the eastern original of Cronus was worshipped. See figs. 2 and 3 
Plate XIV. 
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their ring-form much more easily detected — three or four thousand years 
ago than in Galileo's day.* It certainly does not appear incredible that 
mechanicians so ingenious as the Chaldseans, and not unacquainted with the 
laws of optics, should have been able to construct telescopes as powerful as 
Galileo's ; and, with such telescopes, they could not have failed to detect 
Saturn's rings. It is certainly a singular coincidence that the god Nisroch 
should be represented in Assyrian sculptures within a ring (see figs. 2 
and 3, Plate XIV.) ; and it seems difficult to account for the selection of 
such a remarkable figure to represent the supreme god, unless we suppose 
the Chaldaeans acquainted with the peeuHar conformation of the planet 
they associated with that deity. On such a supposition, however, one can 
readily understand, that they should conceal their knowledge under such 
mystical symbols.^ In ^g, 3, the deity is represented as triune, a figure 
which may have reference to the triple attributes of the god ; though it is 
not altogether impossible that the triplicity observed in several represen- 
tations of this deity, may have reference to a tradition of some such im- 
perfect discovery of Saturn's ring as Galileo effected. 

The use of engraved cylinders by Chaldaean astronomers has already 
been noticed. Fig. 4, Plate XIV., represents a tablet stamped from 
such a cylinder. The figures in the background represent the sun, the 
crescent moon, a star, and a ring. The opening of the ring is rather less 
than the full opening of Saturn's ring, and the breadth of the ring corre- 
sponds with the breadth we may imagine the ring to have had three or 
four tliousand years ago. The figure of a ring is met with in other en- 
graved tablets, the breadth being about the same in all, but the opening 
varying. In a cylinder, represented at page 343 of Layard's ' Nineveh 
and Babylon,' the sun and a bird (probably a constellation) appear above 
a ring nearly closed ; the principal figures of this cylinder represent Dagon 
the Fish-god, another deity, and a crowned figure in the act of adoration 
before an object resembling %ures 2 and 3, Plate XIV., but the human 
figure and ring are replaced by an open eye. It may be noticed that when 
Saturn is viewed with a telescope of small power, the rings being open to 
their full extent, he presents an appearance somewhat resembling an open 
eye : the resemblance is, at least, sufficiently close to attract the notice of 
an imaginative and poetical race like the Chaldseans. 

It is probable that the researches of travellers in the East will, before 

* It is not altogether impossible that some of the inner sateUites have been formed 
from outer rings about Saturn within the interval of time mentioned. 

t The mysterious precept of Pythagoras, * Thou shalt not represent the deity within 
a ring,' probably has reference to such figures. His travels, therefore, may be pre- 
sumed to have extended into Assyria and Babylonia. Like many others of his 
precepts, this one probably refers to religious obs.Tvances and rites that had come 
under his notice during his travels, but which were unintelligible to him. 
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long, afford us more accurate information of the history, language, and arts 
of Assyria and Babylonia than we now possess. Thus a meaning may 
be found in symbols and inscriptions which are at present unintelligible ; 
and we may thence obtain some idea of the methods of observation em- 
ployed by Chaldean astronomers, of the manner in which they recorded, 
and of the system by which they explained, astronomical phenomena. 
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NOTE B. 
Laplace's nebular theory. 

This world was once a fluid haze of light, 

Till toward the centre set the starry tides, 

And eddied into suns, that wheeling cast 

The planets. Tennyson. 

Thu viifra KSafjLOV hroina^v 6 Bjifuovpyhs oh X'P^^^ aWh X^^. 

Mebcubius Trismeoistus. 

No part of the solar system affords so striking an argument in favour of 
Laplace's Nebular Hypothesis as the Satumian system of rings. A brief 
examination of some objections that have been urged against that theory 
will therefore not be out of place in the present work. The hypothesis 
itself is so well known, that it is unnecessary to enter into any lengthened 
description of it. 

The planetary system presents certain points of tmiformity for which the 
law of gravity does not account; thus : — The planets revolve in the same 
direction about the sun, in orbits nearly circular, and nearly in one 
plane ; they also rotate on their axes, and their satellites (excepting those 
of Uranus, and possibly Neptune's satellite) revolve, in the same direc- 
tion ; all the known asteroids also revolve in the same direction. That 
this uniformity is not the effect of chance, will appear from a single ex- 
ample : — The probability that the 83 known asteroids, if projected in the 
same plane but otherwise at random, should all revolve in one direction, 
is less than 1 in 4,835,700,000,000,000,000,000,000. 

The uniformity here considered may, undoubtedly, result from design in 
original creation ; but, on the other hand, the idea that the solar system has 
been developed under the operation of uniform laws, is no more opposed to 
just conceptions of the wisdom and power of the Creator, than is the idea 
of the development of a tree or of an animal.* The solar system and 

* This view has been objected against as atheistical ; but the objection is founded 
on the atheistical assumption that the minor developments referred to are not parts of 
the scheme of the Almighty. It is also urged that to suppose the human race so in- 
significant a part of the universe, as it would appear (to our conceptions), from the 



202 SATURX AND ITS SYSTEM. 

the whole portion of space falling within the range of human observation, 
form, necessarily, infinitely minute parts of the space over which the oper- 
ations of the Almighty Mind extend — that is, of infinite space ; and the 
time within which our system has been created, and during which it 
will continue to exist, form necessarily infinitely minute parts of the time 
during which the operations of the Almighty Mind have been and vnll be 
in action — that is of eternity. We must, then, seek infinitely farther back 
ibr the operation of a First Cause, than merely to the origin of our 
system, vast as it may appear to merely human conceptions. We are 
therefore at liberty to seek or adopt any theory which explains the existing 
state of our system by the operation of imiform laws.* 

Laplace conceived that the solar system may have been formed by the 
gradual cooling and condensation of a vast rotating nebulous globe ; that in 
the process of contraction successive rings were thrown off, to form in one 
case a zone of small planets, but in general to break up and form each a 
single globe ; that in the formation of such globes a similar process was 
repeated, ending in the formation of satellites, and in a single case of what 
we now know to be a ring of small satellites. 

Modem science is opposed to the idea of a vast nebulous globe, main- 
tained in a state of extreme tenuity by intense heat.f But, on the other 
hand, the laws of Thermo- dynamics supply a satisfactory explanation of 
the original process of formation. If we conceive the distribution imagined 
by Chladni (see Explanation of Astronomical Terms, Meteoric Stones) to 
extend throughout the interstellar spaces, then all the results suggested by 
Laplace would follow irom the agglomeration of vast numbers of cosmical 
bodies, gathered from vast distances J under the influence of their own at- 
tractions, or of the attractions of a central body ; and the heat generated by 
the loss of vis viva at the formation of each planet or satellite, would be 

above view, is to suppose the infinite wisdom and goodness undonbtedlj displayed to- 
wards the human race bestowed on an unworthy object ; an objection founded on the 
erroneous notion that we are to conceive otherwise of the infinite wisdom and good- 
ness of the Almighty than as bestowed on each the minutest (or to our view the most 
insignificant) of His works, and on each the minutest interval of time. 

* See Bacon's * Advancement of Learning,' Book I., § 1, and Book III., chapter iv. ; 
and Hooker's * Ecclesiastical Polity,' Book I., chapters ii. and iii. Compare Nichol's 
'Cyclopaedia of the Physical Sciences,' Article 'Nebular Hypothesis;' and Whewell's 
'Astronomy and General Physics,' (Bridgewater Treatise.) 

t It was in illustration of this part of his theory that Laplace referred to Herschel's 
Nebular Theory. (See Explanation of Astronomical Terms, Nebular Theory, Her- 
scheVs.) It is a mistake to suppose that the overthrow of the latter theory carries 
with it Laplace's Nebular Theory, the main points of which are in no way connected 
with Herschel's. 

I Distance is an important element in such a process. See Explanation of Astro- 
nomical Terms, Vis Viva, 
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sufficient to acoount for the obvious signs that the planets, and, in a less 
degree the satellites, were originally in a state of intense heat.'* 

It has been considered by some that the motions of the satellites of 
Uranus are altogether opposed to the theory of Laplace. It has even been 
stated that Laplace himself, had he lived to the present day, woidd have 
abandoned his theory as untenable on this account alone — ^which will 
hardly appear probable when we remember that Laplace survived the 
elder Herschel more than four years, and published the first and fifth editions 
of his * Syst^me du Monde' nine and thirty-seven years, respectively, after 
the discovery of two of the satellites of Uranus.f In fact, the motions 
of these satellites are not so utterly opposed to the theory as might at first 
sight be supposed. Satellites travel, in general, nearly in the equatorial 
planes of their primaries, and these planes have very various inclinations 
to the ecliptic. J Assuming that the inclination in the case of Uranus was 
originally very nearly 90®, it is conceivable that external disturbing clauses § 
(to which Uranus must have been exposed for a longer time than any 
planet within his orbit), may have carried the inclination to and beyond 
the right angle : so that, instead of saying that the satellites of Uranus move 

* It is possible that in such considerations we may find an explanation of the pecu- 
liarities of form and rotation observed in the moon. (See Note C.) 

t It has been argued that Laplace ' considered his scheme a mere conjecture * (see 
* Science and Scripture/ by Professor Young, p. 14). It is true that Laplace presented 
his hypothesis as an hypothesis, and not as a scientific doctrine ; speculations on past 
processes traceable only in their results must always be imperfect and uncertain ; or, to 
use Laplace's own words, * everything not resulting from observation or calculation 
must,' to a certain extent, * inspire distrust.' But it is also true that Laplace formed 
a high estimate of the probability of the hypothesis. He speaks of it as * une hypo- 
thise qui me paratt ristUter, avec une grande vraisemUance des ph^nomines pr^cMents ; 
mais que je pr^ente avec la defiance que doit inspirer tout ce qui n'est point un rAsultat 
de Tobservation ou du calcul.' Professor Young mistranslates the closing words of the 
passage into * that distrust which shoiild inspire everything which is not the result of 
observation or calculation,* possibly gathering from this singular sentence his idea 
that Laplace attached a low value to the Nebular Theory. 

I It may be remarked that Laplace's theory, as originally presented, offers no 
satisfactory explanation of this diversity of inclination. In the successive collisions 
through wliich each globe may be conceived to have been formed (on the altered 
theory suggested above) we appear to have a sufficiently plausible explanation of the 
peculiarity in question. 

§ We appear to' have an indication of the operation of such causes in the peculiar 
distribution of the perihelia of the planetary orbits alluded to at p. 37 (note). If we 
suppose, for instance, that our system had passed through a region of the interstellar 
spaces in which cosmical bodies were distributed with a density yarying according to 
some uniform or tolerably uniform law, and that such passage occupied an interval of 
time in which the most distant members of the system completed several revolutions ; 
then it is certain that after the passage the aphelia of all the orbits would be found on 
that side of the system which had passed through the most densely-crowded part of 
the region. 
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in a retrograde manner in a plane inclined 78® 58' to the ecliptic, we might 
more correctly say that they move in a direct manner in a plane inclined 
101® 2' to the ecliptic. The same considerations apply to the case of 
Neptime's satellite, increased distance aiding us to interpret what (on the 
assumption we are considering) would be increased disturbance of incli- 
nation. Owing to Neptune's immense distance, however, and his slow 
motion in his orbit, it is not probable that the direction in which his 
satellite moves, can have been satisfactorily established in the short inter- 
val that elapsed between the discovery of the satellite and the annoimce- 
ment of its retrograde motion. ♦ In any case * we do not require absolute 
affirmation or negation, even in universal propositions ; if the exceptions 
be singular or rare, it is sufficient for our purpose.'f 

The theory of Laplace is perfectly reconcilable with the Scripture 
account of creation. It is only necessary to assume that in the first chapter 
of Genesis the sacred penman has recorded a series of visions, in which was 
presented to him all that the Almighty saw fit to reveal to mankind of the 
former condition of our globe. That Moses, like Jeremiah, Ezekiel, Daniel, 
and Zechariah, received inspired knowledge specially by means of visions, 
seems suggested by the injunction that the ark and its appurtenances should 
be made * after their pattern which was showed ' him — or, more correctly, 
which he * was caused to see ' — * in the mount.' J The words of the second 
verse of the Bible seem to confirm this view : — * The earth was without 
form and void :' the earth must have had form of some kind, regular or 
irregular, and though the expression may be interpreted to signify merely 
that the earth was without regular form, it seems little likely that reference 
is here intended to the present spheroidal form of the earth ; but assuming 
that Moses describes a vision that passed before him, the words which im- 
mediately follow explain the true meaning of the expression : — * The earth 
was,' that is appeared, * without form and void,' because * darkness was upon 
the face of the deep.' Now, if the earth in * tracts of fluent heat began ' — 
as would follow firom the theory we are considering, and as geological 
evidence appears clearly to establish — ^the whole of the waters now forming 
our oceans must have been suspended round the earth in the form of a dense 
vaporous envelope through which no ray of the sun's light could pene- 



* It is clearly only by the change in the position of the primary that the direction 
of a satellite's motion can be determined. 

t Bacon's ' Novum Organum/ Book II., aphor. xxxiii. 

1 Exodus XXV. 9 and 40 ; xxvi. 30 ; and xxvii. 8; see also Numbers viii. 4 ; Acts vii. 
44 • and Hebrews viii. 6. Compare the mode in which David received the pattern ; — 
* all this,' he says, ' the Lord made me understand in writing by his hand upon me * 
(1 Chron. xxviii. 11-19). 
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trate.* But in the course of ages, the heat of the earth'^s globe would 
diminish until it became insufficient to maintain masses so vast in the form 
of vapour: then light — ^but not as yet the source of light — began to 
penetrate the earth's cloudy envelope : — 

Forthwith light 
Ethereal, first of things, quintessence pure, 
Sprang from the deep, and from her native east 
To journey through the aeiy gloom began, 
Sphered in a radiant cloud. 

We are thus able to explain the recurrence of day and night before the 
appearance of the sun, without having recourse to the Aurora Borealis, to 
successive electric flashes, to sustained disturbance of the aether pervading 
space, or to any of the other contrivances that have been invented to ex- 
plain away the difficulty. 

With the further diminution of the overhanging cloud-masses, a firma- 
ment. 

Expanse of liquid, pure, 
Transparent, elemental air, 

began to appear between the waters on the earth's surface and the vaporous 
envelope. And next, the dry land appeared, heaved up by volcanic action 
following the precipitation of such vast masses of water on the as yet 
lately formed crust of the earth.J The land thus upheaved became covered 
with dense forests and abundant vegetation, nourished by internal heat, 

while 

From the earth a dewy mist 
Went up and water'd all the ground. 

* Venus and Mercury appear to he still surrounded with such dense vaporous 
envelopes ; the true surfaces of these planets have probably never been seen, and, 
possibly, have never yet received a ray of the sun's light. 

t It seems clear that the word (rokid), translated firmament (the <rrfpia>iML of the 
Septuagint), means merely the varial)le transparent expanse above the earth at any time 
[Compare Genesis i. verses 16, 17 and 20.] It seems equally clear that by ' the waters 
above the firmament ' clouds are signified. During many ages after the change re- 
corded in Grenesis i. verses 6 and 7, and even after the appearance of the heavenly 
bodies, the * waters above the firmament ' must have constituted an important part of 
all the waters of our globe. The notion that the waters above the firmament arc 
waters above the stellar spaces is too absurd to need serious refutation. Compare 
Genesis vii. 11 ; viii. 1-3 ; Job xxvi. 8-11, and xxxviii, 8-11 ; and Proverbs viii. 23-29. 

\ It may be remarked that nearly all the active volcanoes on our globe are found 
near the sea. Even the volcano Pe-schan, noted by Remusat as an exception to 
this rule, is found near a region probably at no very distant date covered by an 
ocean of vast extent. From Capes Blanco and Verd to the sea of Okotsk the 
traces of such an ocean run in an uninterrupted series, which includes the deserts 
of Sahara, Arabia, Shamo, and the Russian steppes ; the Mediterranean, Black, 
Caspian, and Aral seas ; and the lakes Bal-kash, Isse-kul (not very far from Pe-schan), 
and Bai-kal. Probably the ranges of mountains running across Central Africa and 
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At length the heavenly bodies appear. First the mid-day sun breaks 
through the cloudy envelope still surrounding the earth ; not until many 

ages have elapsed appears 

The moon 
Globose ; then ev'ry magnitude of stars.* 

In this manner may be explained those passages in the Scripture 
account of creation, which (literally interpreted) appear most opposed to 
Laplace's Theory, and, I think, to any rational conceptions of the former 
state of our earth or of the solar system. Into the other difficulties which 
attend the literal interpretation of that account, or, on the other hand, into 
the singular correspondence exhibited between the features of the suc- 
cessive days of Creation, considered as visions, and the main features of 
the successive geological epochs, I do not propose to enter: on these 
points, the reader is referred to works especially treating of those sub- 
jects,f 

It may be noticed in conclusion, that in Saturn's ring-system we seem to 
see the processes conceived by Laplace going on before our eyes ; so that it 
is not impossible that in the course of time we may obtain evidence founded 
on * observation and calculation ' of the truth of that theory which Laplace 
despaired of seeing established on a firmer foundation than that of * strong 
. probability.' 

Asia formed the southern limits of a vast northern ocean, a series of promontories 
pointing northwards marking the outline of a vast southern continent. 

* Miller (see following note) fails to notice the correspondence between the order in 
which the heavenly bodies are mentioned (Genesis i. 14-18), and the order in which 
they must successively have appeared. He describes the stars as appearing before the 
sun. 

t See Miller's * Testimony of the Eocks : ' Lectures IIL and IV. ; and authors re^ 
ferred to by him in those lectures. 



207 



NOTE C, 

HABITABILITY OP THE MOON. 

The question of the moon's habitability — interesting to astronomers on ita 
own account — acquires an additional interest if we consider that on its solu- 
tion depends the opinion we shall form of the habitability of the important 
secondary systems attending on Saturn, Jupiter, and Uranus. I propose to 
consider in this note some points connected with the inquiry. 

The physical conditions and peculiarities of the moon are undoubtedly 
in striking contrast to those prevailing on the earth. The lunar year con- 
sists of little more than twelve lunar days, each day lasting more than four 
of our weeks. Our seasons, due to an inclination of 23 degrees, are also 
very different from the lunar seasons due to an inclination of 1^ degrees ; 
if, ind#ed, we can apply the term seasons to intervals in which the sun 
rises and sets only three times. Again, our earth (considered as a satellite 
of the moon) is altogether invisible to three-sevenths of the moon's sur- 
face ; to the remaining four-sevenths the earth does not rise and set as the 
moon does to us, but moves within narrow limits round a fixed point on 
the celestial concave, such motions being the exact converse of the lunar 
librations ; the earth also passes through all her phases in a lunar day and 
night, the half set of phases passed through in the lunar night varying for 
each point of the moon's surface. 

That the moon has not an atmosphere corresponding in extent and 
density to our own is undoubted ; it has not been considered so certain, how- 
ever, that the moon's surface is absolutely devoid of atmospheric envelope. 

The first and most obvious argument against the presence of a lunar 
atmosphere, is that the limar disc, even when examined with the most 
powerful telescopes, exhibits no indication of clouds. Owing to the slow- 
ness of the moon's rotation we should hardly expect that belts of clouds 
would be formed, as on the swiftly rotating planets Saturn and Jupiter, but 
irregularly dispersed clouds, even if not separately visible, must produce 
effects very easily traceable firom the earth. The distinctness of the outlines 
of mountains, plains, and valleys, on the moon's surface, would vary with the 
aggi;egrfpon and dispersion (due to variations of tempexature) of clouds 



208 SATURN AND ITS SYSTEM. 

and mists about them. No such changes are observable : as long as the 
clearness of our own atmosphere remains imchanged, the irregularities of 
the lunar surface are seen with imvarying distinctness. It appears reason- 
able, then, to conclude that the visible lunar hemisphere is either devoid 
cf air or of water. 

Secondly, if the moon were surrounded by an atmosphere, even of 
limited extent, the effects of refraction coidd not fail to be traced in 
the occultations of stars. The refractive effects of the atmosphere surroimd- 
ing Saturn are, as we have seen, traceable from the earth, which is removed 
fully 3,500 times as far from Saturn as from the moon — a disproportion in 
the distances that would compensate an immense disproportion in the extent 
iand density of the atmospheric envelopes surroimding the two bodies.* 

Lastly, there is not the slightest trace of a twilight-circle on the moon, nor 
do the horns of the new moon extend beyond the semicircle. When it is 
considered that Venus, though removed so much fiirther than the moon, and 
though she is one of the most difficult objects of telescopic observation in the 
heavens, distinctly presents both these phenomena, their absence in the case of 
the moon appears the more remarkable. If the moon had an atmosphere, even 
of small extent and density, the powerful telescopes that have been directed 
towards her could not have failed to exhibit the phenomena considered. 

On the other hand, arguments are not wanting in support of the hypothesis 

* The stars are not always instantaneously occulted by the moon. Some disappear 
by sudden diminutions of brilliancy (as the star k Cancri) — a phenomenon that may- 
be accounted for by supposing such stars to be close double or multiple stars ; others, 
after disappearing, reappear for a brief interval — a phenomenon that appears to indi- 
cate the existence of vast irregularities upon the moon's surface. But the pheno- 
mena that would result from the presence of a lunar atmosphere are altogether 
different. Thus, suppose an observer on the moon to witness a central occultation of 
a star by the earth : — The star as ifc entered (apparently) the confines of our atmo- 
sphere would move more and more slowly ; instead of appearing as a point it would 
assume the form of a circular arc gradually extending farther and farther round the 
earth's disc ; and when actually behind the centre of the earth, the star would appear 
as a circle of light concentric with the outline of the earth's disc. Passing beyond 
this point the star would present similar appearances in reverse order. That even in 
such a central passage a star would not be actually occulted, is clear from the consi- 
deration that the horizontal refraction of the earth's atmosphere is upwards of 33', 
which would be doubled for an object seen beyond the earth from the moon ; but the 
earth's semi-diameter seen from the moon subtends an arc of only 67' 6". Since the 
moon's semi-diameter viewed from the earth never exceeds 16' 45" it is evident that an 
atmospheric envelope of much less extent than that of the earth would suffice to render 
the occultatiou of a star by the moon impossible. 

In the article referred to at page 177, note *, Professor Challis omits to notice the 
phenomena considered above. It seems clear, however, that they would bo the most 
marked phenomena attending an occultation, if the moon had an atmosphere. In a 
similar manner it may be shown that the phenomena attending an eclipse of the sun 
would be very diflferent from those actually presented, if the moon had an atmosphere. 
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that the moon has an atmosphere. In the first place, we might infer from 
the analogy of our earth, and of the larger planets, that all the members 
of the solar system are surrounded by atmospheres of greater or less density 
and extent. In the second place, the traces of past volcanic action on the 
lunar sur&ce, leave little doubt that while such action went on the moon 
must have had an atmosphere capable of supporting combustion ; and 
further, must have been enveloped by the gases distributed during tre- 
mendous and long-continued eruptions. 

An attempt has been made to reconcile these contradictory evidences by 
the hypothesis that an atmosphere originally surrounding the visible lunar 
sur&ce has been attracted to the opposite hemisphere. 

The moon^s centre of gravity is imdoubtedly nearer to us than her centre 
of figure. In the first place, we have in such a displacement the only possible 
explanation of the peculiarity of the moon's rotation referred to at p. 50.* 
Secondly, Professor Hansen has proved that an observed discrepancy 
between the actual lunar inequalities and the results of the theoretical 
examination of the lunar motions, is removed, if the centre of gravity of 
the moon is assumed to be 33^ miles farther from the earth than the centre of 
figure. This result has been confirmed by the comparison of photographic 
pictures of the moon, taken at the times of her extreme eastern and western 
librations. In the year 1862, M. Gussew, Director of the Imperial Obr 
servatory at Wilna, carefully examined two such pictures taken by Mr. 
Delarue. The result of the examination may be thus stated : — The outer 
parts of the visible lunar disc belong to a sphere having a radius of 1,082 
miles, the central parts to a sphere having a radius of 1,063 miles; the 
centre of the smaller sphere is about 79 miles nearer to us than the centra 
of the larger ; the line joining the centres is inclined at an angle of about 5® 
to the line from the earth at the epoch of mean libration ; thus the central 

* The question of the moon's rotation has frequently aroused controveny. Bentley 
and Keill disputed over it in 1690, and so recently as 1855 the columns of the daily 
press were occupied with its discussion. The question is altogether a verbal one. 
The moon's motions may be described as being compounded of a motion of revolution 
around the earth and a motion of rotation in the same time about an axis through the 
moon's centre (the moon not being a spheroid it is incorrect to speak of ' the moon's 
own axis'). Now, if it were not for certain irregularities we might sknply say that 
the moon rotates about an axis near the earth, just as a globe rigidly attached to aii 
arm moving on a central stem would be said to rotate about the stem, though to an 
eye from which stem and arm were concealed the globe would appear to revolve around 
a centre and rotate in the same time about its axis. In the case of the moon's mo- 
tions no such simple rotation exists ; but it is a question whether the lunar move- 
ments would not be expressed more simply, and (taking dynamical considerations into 
account) more accurately, by saying that the moon rotates about an axis near the earth, 
and that this axis is subject to such and such motions, than by the mode of expression 
generally adopted. 

P 
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part of the moon*s disc is about 60 miles nearer to us than it would be if 
the moon were a sphere of the dimensions indicated by the disc's outline. 
K we suppose the invisible part of the moon's surface to belong to the larger 
sphere,' and the density of the moon's substance imiform, it would foUow 
from this conformation, that the centre of gravity of the moon is about 
80 miles nearer to the earth than is the centre of the larger sphere — 
that is, than is the centre of the moon's apparent figure. 

But although the moon's centre of gravity is thus displaced, it is very 
doubtful whether we have in such displacement a satisfactory explanation 
of the observed peculiarities of the lunar disc. The visible hemisphere in 
all probability was originally clothed with an atmosphere and partially 
covered by oceans.* Now, it is hardly conceivable that a displacement of 
the moon's centre of gi^avity should be followed by the departure even of 
all the inelastic fluids from the nearer to the further hemisphere, far less 
of all the elastic atmospheric envelope. Assuming, however, that the 
atmosphere had thus been displaced, and the fluids dissipated by evapora- 
tion in vacuo firom all the depressions on the visible lunar surface, it is 
inconceivable that no traces should be visible of the atmosphere and the 
oceans thus collected on the further lunar hemisphere. Even if the exact 
half of the moon's surfece were invisible to us, some of the oceans would 
extend into the cavities and depressions visible round the edge of the lunar 
disc, and the atmosphere would be traceable (by its efiect in occultations) 
completely roimd that edge ; and when we consider that owing to the 
moon's librations only three-sevenths of the lunar sur&ce are actually 
hidden from us, we are compelled to reject the notion that the distribution 
of air and water on the moon's surface is such as has been suggested. 

It appears to me that the simplest of all the phenomena presented by 
the moon — namely, her colour — will serve to guide us to an explanation of 
the contradictions we are considering. Imagine our earth stripped of air 
and water, and aU verdure destroyed from its surface : what would be the 
appearance of such a globe removed to the distance of the moon? 
JBathed in the sun's light it would doubtless be a brilliant object, but its 
brilliancy would difier altogether from the silvery effulgence of the moon. 
The various strata which rise to the surface at different parts of the earth 
might not, in general, be separately visible ; but the commingling of the 
colours that mark such strata would certainly produce warmer tints than 
are observed on any part of the lunar disc. The vast deserts, steppes, 
llanos, savannahs, and prairies of the earth would be distinctly visible as 
streaks and patches of uniform colour. The icy polar regions and the 

* That oceans once covered parts of the visible lunar hemisphere seems evidenced 
by the traces of past volcanic action upon the moon's surface. See note |, p. 205. 
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snow-covered mountain ranges would alone reflect the kind of light that 
we receive from the moon.* 

But now let us imagine our globe subjected to another chtoge. We 
have plain evidence that the climate of the earth was in past ages &r 
warmer than at present. Animals and plants now found only in the tropics 
were found in the temperate zones, and many forms of life existed on the 
earth for which even the tropics would now form but a bleak and imsuit- 
able residence. It seems reasonable to conclude that this change of climate 
is- due to the loss of internal heat by slow radiation, and that the change is 
still proceeding.f Now, imagine this change to proceed until the whole 
of the water on the earth's sur&ce should be frozen. Then if this 
dismal globe were removed to the moon's distance, its brilliancy would no 
longer present a very marked contrast to the lunar light. The frozen 
surface of the ocean would present precisely such vast level tracts as the 
80-caUed lunar seas ; :|: the glacial regions on land would resemble the rough 
and moimtainous districts of the lunar surface ; while, if we conceive the 
continents on our earth gradually covered with snow as the process we 
have imagined went on, they would correspond exactly to the vast tracts of 
brilliant white so conspicuous upon the lunar disc. 

It is obvious that some of the difficulties before considered disappear 
if we suppose all fluids on the moon's sur&ce to be frozen. As the 
atmosphere would in such a case be perfectly free from clouds or mists, all 
the irregularities of the lunar surface would be distinctly visible, and such 
distinctness would not be liable to any perceptible variations. Yet, if the 
lunar atmosphere bore any proportion to the atmosphere of the earth as 
regards extent, the outlines of the lunar irregularitieB would be softer than 

* Even at the immense distances to which the planets are removed the colours of 
their surfaces can be traced whenever the actual surfaces are visible, as in the cases of 
Mars, Jupiter, and Saturn. When a dense atmosphere supports heavy masses of vapour 
the light reflected is brilUantly white, as in the cases of Mercury and Venus, and the 
white belts on Saturn and Jupiter. Such whiteness, however, obviously differs alto- 
gether from the surface colours of the moon. 

t Such a change would be aocompai^ied by a gradual diminution in the dimensions 
of the earth, and it has been argued that since the period of the earth's rotation has 
not perceptibly altered during three or four thousand years, no such change can be 
taking place. It may be remarked, however, that p^ods of ten or twenty thousand 
years are but as seconds when compared with the interval necessary to effect percep- 
tible changes of climate in the manner considered. That the dimensions of the earth 
were once far greater than at present seems evidenced by the cumbrous forms of the 
animals and reptiles that inhabited it of old. Such animals could have moved with 
freedom and activity only under the diminished attraction of gravity resulting from 
greater dimensions of the earth's globe. 

t Independently of their colour these level spaces in the moon seem scarcely expli- 
cable on any other supposition than that they are frozen seas, for while absolutely 
level they are clearly solid. In every respect save in fluidity they correspond to our 
terrestrial Efystem of oceans. 
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they actually appear. The clearness, also, of such an atmosphere would only 
serve to render the phenomena attending an occultation more distinctly 
visible; and we have seen that such phenomena would be sufficiently 
marked. 

Let us imagine, however, the effects of a further diminution of temperature. 
It is well known that when subjected to a loss of heat sufficiently great, 
many gases, elementary and compound, are reduced successively to the liquid 
and solid forms. Hitherto no process has enabled the chemist to convert 
oxygen, nitrogen, or hydrogen, into either the liquid or solid forms ; * but 
there is no reason for supposing that they form exceptions to the general 
rule, that, under suitable variations of temperature, all substances in nature 
may assume any one of the three forms — gaseous, liquid, and solid. Now, 
it is probable that the variations of temperature with which we are familiar 
include but a small part of the range of possible variations. Thus it is 
conceivable that a planet parting with its heat by slow radiation might 
after the lapse of many ages have lost so much heat that all the gases upon 
its surfece would be condensed to the liquid or solid forms. The length 
of time required to effect such changes would depend on the mass of the 
planet's globe — a large planet would obviously require a longer time to 
part with its internal warmth than a small planet. What relation such 
time would bear to the mass of a planet could not easily be determined, 
but it is certain that some such relation exists. Now, on Laplace's hypo- 
thesis of the development of the solar system, the moon was formed before 
the earth ; and the mass of the moon is little more than ^\^th part of the earth's 
mass. Thus it is conceivable that the moon's mass may have become 
so intensely cold that the atmospheric envelope once clothing it has been 
condensed into the liquid, and thence into the solid form. It need not 
necessarily be assumed, however, that all the gases on the moon have been 
thus solidified. Small seas of liquefied gases may exist upon the moon's 
surface ; and, again, some of the phenomena that have been supposed to 
indicate the presence of an atmosphere may be due to gaseous envelopes of 
small extent still uncondensed. We may imagine, for instance, that hy- 
drogen would resist an intensity of cold that would liquefy or solidify all 
other gases. On these points we can only form vague conjectures, since 
as yet the more important gases have defied all attempts at liquefaction or 
solidification. 

* A gas may be converted into the liquid and solid forms either by loss of tempera- 
ture or by pressure. A combination of both processes is generally adopted to condense 
a gas into the liquid form ; then part of this liquid being allowed rapidly to resume 
the gaseous form, the remainder is solidified, owing to the loss of latent heat. 
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TABLE I. 

Certain Solar Elements, 

Greatest apparent diameter (viewed from the earth) 
Mean apparent diameter (viewed from the earth) 
Least apparent diameter (viewed from the earth) 
Greatest apparent diameter (viewed from Saturn) 
Mean apparent diameter (viewed from Saturn) . 
Least apparent diameter (viewed from Saturn) . 

Equatorial horizontal parallax at mean distance , 

from the earth .... 8"-5776 

Volume (earth's as 1) . / . . 1,416,225 

Mass (earth's as 1) . . . . 354,936 

Density (earth's as 1) . . . . 0-260 

Diameter in miles .... 888,646 

Gravity at equator . . . . 28*7 

In one second of time bodies fall in feet . 462*07 



82* 36"-41 

32' 3"-6k 

31' 31"-79 

3' 33"-6I 

3' 21'''66 

3' lO^-QS 



8"-9169 

1,260,160 

316,047 

0-260 

864,928 

27-6 

444-54 



TABLE IL 



Certain Klements of the Earthy Jan, Ist, 1865. 



Mean distance from sun in miles (sun's equatorial 

parallax 8"-6776) . 
Mean distance (sun's equatorial parallax 8"'0169) 
Greatest distance (mean distance 1) 
Least distance (same unit) 
Mean sidereal revolution (mean solar days) 
Mean tropical revolution (mean solar days) 
Mean anomalistic revolution (mean solar days) . 
Earth's motion in perihelio in a mean solar day 
Earth's mean motion in a mean solar day 
Earth's motion in aphelio in a mean boIbx day . 
Earth's mean motion in a mean sidereal day 



96,274,000 

91,659,000 

1-0167605 

0-9832395 

365'* e** 9» 9-6 

Z66^ 6^ 48» 46-6 

366* 6'^ 13" 49-3 

lo y g^i 

0059' 8"-9 
0° 67' ll"-8 
0«69'69"-0 
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Eccentricitj of orbit . 


00167606 


Annual Yariation of same (decrease) . 


. 0-0000004164 


Density (water's as 1) 


6-6747 


Polar diameter in miles 


7,898 


Mean diameter in miles 


7,916 


Equatorial diameter in miles 


7,924 


Bodies fall in one second of time in feet 


161 


Centrifugal foice at equator . 


•00345 


TABLE III. 



Elements of Saturn^ Jan. Isty 1865. 

Greatest distance from the sun (eartVs mean distance as 1) 

Mean distance from the sun (same unit) . 

Least distance from the sun (same unit) . 

Eccentricitj of orbit (semi-mejor-axis as 1) 

Annual variation of same (decrease) 

Sidereal reTolution in days 

Synodical reyolution in days (at epoch) 

Mean synodical reyolution 

Longitude of the perihelion 

Annual variation of same (increase) 

Same yariation referred to ecliptic (increase) 

Longitude of the ascending node [y]* 

Annual variation of same (decrease) ^ 

Same variation referred to the ecliptic (increase) 

Inclination of orbit to the ecliptic [t'.] 

Annual variation of same (decrease) 

Daily motion in orbit, in perihelio . 

Mean daily motion in orbit . 

Daily motion in orbit, in aphelio . 

Inclination of axis to the plane of Saturn's orbit 

Annual variation of -same (decrease) 

Inclination of axis to the ecliptic . 

Annual variation of same (increase) 

Time of rotation on axis . 

Apparent equatorial diameter, at mean distance from earth 

Same, Saturn in opposition, in perihelio . 

Same, Saturn in opposition, at mean distance from 

Same, Saturn in opposition, in aphelio 



10072533 

9-538850 

9005167 

0-0559484 

0000003126 

10769-2197106 

377-767 

378092 

90« 23' 36"-4 

19"-31 

69"-41 

112° 29' 18"-20 

19"-64 

30"-56 

2° 29' 26"-16 

0"16 

2' 15"*3 

2' 0"-6 

1' 48''*2 

630 10' 32"13 

0"-321 

61® 49' 38"-06 

0"-350 

10>» 29- 17- 

17"-05 

20"-31 

19"04 

i7"-92 



* The symbols thus bracketed refer to the corresponding symbols in Tables VII. 
and VIII. 
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Same, Saturn in conjunction, in pexihelio . 
Same, Saturn in conjunction, at mean distance from sun . 
^Same, Saturn in ooi\junction, in aphelio 
Light receiyed at perihelion (earth's at mean distance being 1) 
Light receiyed at mean distance (same unit) 
Light receiyed at aphelion (same unit) 
Greatest distance finom the sun in miles 
Mean distance from the sun in miles 
Least distance from the sun in miles 
Equatorial diameter in miles 
Polar diameter in miles . 
Polar diameter (equatorial diameter as 1) 
Ck>mpression 
Equatorial diameter (earth's mean diameter 

being 1) . . . 

Polar diameter (same unit) 
Volume (earth's being 1) * 

Mass or weight (earth's being 1) 
Density (earth's being 1) 
Same (density of water as 1) 
Surface (unit 1,000,000 square miles) 
Same (earth's being 1) . 
"Weight of a terrestrial pound, or gravity, at poh 
Weight of a terrestrial pound at equator 
Centrifugal force at equator 
Bodies fall in one second of time, in feet, at pole 
Bodies fall in one second, in feet, at equator 



959,660,000 

908,804,000 

857,968,000 

76,100 

68,270 

•909 



9-4871 

8-6246 

776-432 

102-683 

0-132251 

0-760482 

16,655 

84-64 

1-239 

1041 

0-1706 

19-95 

16-76 



16"-26 

16"43 

14"-68 

001233160 

0-01099021 

0-00986661 

923,238,000* 

874,321,000 

826,404,000 

72,260 

66,680 

•909 

A 

9-1271 
8-2974 
691-362 
91-433 
0-132261 
0-760482 
16,415 
78-26 
1-192 
1-002 
01641 
19-19 
16-12 



TABLE IV. 
Elements of SaturrCs Rings^ Jan, Ist^ 1865. 



Longitude of ascending node of ring on the ecliptic [G] 

Annual yariation of same (decrease) 

Same yariation referred to the ecliptic (increase) . 

Longitude of rising node of ring on Saturn's orbit [X'] 

Annual yariation of same (decrease) 

Same yariation referred to the ecliptic (increase) . 

Latitude of rising node of ring on Saturn's orbit [i8'] 

Annual yariation of same (increase) 

Inclination of ring's plane to the ecliptic [i] 

Annual yariation of same (decrease) 



167® 43' 28"-93 

3"-638 

46"-462 

171® 43' 35"-06 

3"134 

46"-966 

20 8" 26"-88n 

0"-235 

280 10' 2r'-96 

0"-360 



* The first column corresponds to an equatorial horizontal solar parallax of 8"-6776 
the second to an equatorial horizontal solar parallax of 8"-9169. 
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Inclination of ring's plane to the plane of Saturn's orbit 

[I'] 

Annual variation of same (increase) 

Arc from rising node of Saturn's orbit on the ecliptic to 

rising node of ring's plane on Saturn's orbit [Q'] 
Annual variation of same (increase) 
Annual precession of the rising node of ring's plane on 

Saturn's orbit (or, annual precession of the vernal equinox 

of Saturn's northern hemisphere) 
Complete revolution of either equinox in years, about 
Exterior diameter of the outer ring (in miles) 
Interior diameter of the outer ring 
Exterior diameter of the inner ring 
Interior diameter of the inner ring 
Interior diameter of the dark ring 
Breadth of the outer bright ring . 
Breadth of the division between the rings 
Breadth of the inner bright ring . 
Breadth of the dark ring . 
Breadth of the system of bright rings 
Breadth of the entire system of rings 
Space between the planet and the inner edge of 

the dark ring . 



26° 



69° 



173,600 

163,600 

150,000 

113,400 

96,400 

10,000 

1,760 

18,300 

9,000 

30,060 

39,060 



10,150 



49' 27''-87 
0"-321 

16' 42"-49 
16"-396 



3"-146 

412,080 

166,920* 

147,670 

144,310 

109,100 

91,780 

9,626 

1,680 

17,606 

8,660 

28,910 

37,670 

9,760 



♦ The first column corresponds to an equatorial horizontal solar parallax of 8"'6776 ; 
the second to an equatorial horizontal solar parallax of 8'''9169 
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TABLE VII. 

For Determining the Appearance of Saturn's BingSj ^c* 



h 

Ha 


N 


s 


Log. tan I 


Q 


Q 


« 


I 


u 




o / // 


/ n 






o / // 


O ' / // 


o 


/ // 


o / // 


1860 


126 35 15-76 


2 10-23 


9*0970522 


2664 


167 89 86*62 


28 10 28*70 




7 38-46 


23 27 27*070 


1861 


125 87 25-99 


2 10-81 


9*0967958 


2666 


167 40 23*08 


28 10 23*35 




7 28*45 


23 27 26*594 


1862 


125 39 36-30 


2 10-39 


9*0966393 


2666 


167 41 9*54 


28 10 23*00 




7 8*45 


23 27 26*118 


1863 


126 41 46-69 


2 10-48 


9*0962827 


2667 


167 41 66*01 


28 10 22*65 




6 63-45 


23 27 25*642 


1864 


126 48 57-17 


2 10-67 


9*0960260 


2568 


167 42 42*47 


28 10 22-30 




6 38*46 


23 27 26*166 


1865 


126 46 7-74 


2 10*66 


9*0957692 


2668 


167 48 28-93 


28 10 21-96 




6 23*48 


23 27 24*690 


1866 


126 48 18-40 


2 10*76 


9*0956124 


2669 


167 44 15*39 


28 10 21*60 




6 8*60 


23 27 24*214 


1867 


126 50 29-16 


2 10-86 


9*0952565 


2570 


167 46 1*85 


28 10 21*26 




6 63*63 


23 27 23*738 


1868 


125 52 40-02 


2 10*97 


9*0949985 


2570 


167 46 48*32 


28 10 20*90 




6 88*56 


23 27 23*262 


1869 


126 54 50-99 


2 11*08 


9*0947415 


2571 


167 46 34-78 


28 10 20*55 




6 23*60 


23 27 23*786 


1870 


125 57 2-07 


2 11-19 


9*0944844 


2671 


167 47 21-24 


28 10 20*20 


7 


5 8*66 


23 27 22*310 


1871 


125 69 13-26 


2 11*31 


9*0942273 


2572 


167 48 7*70 


28 10 19*85 




4 63*70 


23 27 21*834 


1872 


126 1 24-57 


2 11*44 


9*0989701 


2672 


167 48 64-16 


28 10 19*50 




4 38*76 


23 27 21*368 


1878 


126 3 36-01 


2 11*67 


9*0937129 


2573 


167 49 40-63 


28 10 19*15 




4 23*83 


23 27 20-882 


1874 


126 6 47-68 


2 11*70 


9-0934566 


2573 


167 50 27*09 


28 10 18*80 




4 8-90 


23 27 20*406 


1876 


126 7 59-28 


2 11*83 


9-0931983 


2573 


167 51 13-55 


28 10 18*45 




3 63*98 


23 27 19*930 


1876 


126 10 11-11 


2 11*96 


9*0929410 


2573 


167 62 0-01 


28 10 18*10 




3 89*07 


23 27 19*454 


1877 


126 12 23-07 


2 12-09 


9-0926837 


2673 


167 52 46-47 


28 10 17*76 




3 24*17 


23 27 18*978 


1878 


126 14 35-16 


2 12-22 


9-0924264 


2574 


167 58 82-94 


28 10 17-40 




3 9*27 


23 27 18-602 


,1879 


126 16 47-38 


2 12*36 


9*0921690 


2674 


167 64 19-40 


28 10 17-05 




2 54-38 


29 27 18*026 


1880 


126 18 59-73 


2 12*48 


9*0919116 


2574 


167 65 6*86 


28 10 16-70 




2 39*49 


23 27 17*550 


1881 


126 21 12-21 


2 12*61 


9*0916542 


2574 


167 66 52*32 


28 10 16-35 




2 24*61 


23 27 17*074 


1882 


126 28 24-82 


2 12*74 


9*0913968 


2574 


167 56 38*78 


28 10 16-00 




2 9*74 


23 27 16*698 


1883 


126 26 37*66 


2 12*87 


9*0911394 


2674 


167 57 26*26 


28 10 15*65 




1 64*88 


23 27 16*122 


1884 


126 27 50-43 


2 18*00 


9*0908820 


2574 


167 58 11*71 


28 10 16*80 




1 40*03 


23 27 15*646 


1885 


126 30 3-43 


2 13*13 


9*0906246 


2574 


167 58 58*17 


28 10 14*95 




1 25*19 


23 27 16*170 


1886 


126 32 16-56 


2 13*26 


9*0903670 


2676 


167 59 44*68 


28 10 14*60 




1 10*36 


23 27 14*694 


1887 


126 34 29-82 


2 18*39 


9*0901095 


2676 


168 31*09 


28 10 14*26 




65*62 


23 27 14*218 


1888 


126 86 43-21 


2 18*62 


9*0898520 


2676 


168 1 17*56 


28 10 13*90 




40*70 


23 27 13*742 


1889 


126 38 66-73 


2 13*65 


9*0895946 


2575 


168 2 4-02 


28 10 13*56 




10 26*89 


23 27 13-266 


1890 


126 41 10-38 


2 18*78 


9*0893370 


2576 


168 2 60-48 


28 10 13*20 




11*09 


23 27 12*790 


1891 


126 43 24-16 


2 18*91 


. 9*0890796 


2575 


168 8 36-94 


28 10 12*86 


6 59 56*29 


23 27 12*314 


1892 


126 46 38-07 


2 14*04 


9*0888220 


2575 


168 4 23-40 


28 10 12*50 


6 69 41*60 


23 27 11*838 


1893 


126 47 52-11 


2 14*17 


9*0885645 


2675 


168 6 9*87 


28 10 12*16 


6 59 26*72 


23 27 11*362 


1894 


126 60 6-28 


2 14*30 


9*0883070 


2576 


168 6 56-83 


28 10 11-80 


6 69 11*96 


23 27 10*886 


1895 


126 62 20-68 


2 14*43 


9*0880494 


2676 


168 6 42*79 


28 10 11*46 


6 58 57*18 


23 27 10*410 


1896 


126 54 36-01 


2 14*56 


9*0877918 


2576 


168. 7 29*26 


28 10 11*10 


6 58 42*42 


23 27 9*934 


1897 


126 66 49-67 


2 14*70 


9*0876342 


2576 


168 8 16*71 


28 10 10*75 


6 58 27*67 


23 27 9-468 


1898 
1899 


126 59 4-27 

127 1 19-11 


2 14*84 
2 14*98 


9*0872766 
9*0870190 


2576 
2576 


168 9 2*18 
168 9 48*64 


28 10 10*40 
28 10 10*06 


6 58 12*93 
6 57 68*20 


23 27 8*982 
23 27 8*506 


1900 


127 3 34-09 




9*0867614 




168 10 35*10 


28 10 9*70 


6 57 43-48 


23 27 8-OSO 



* See Note p. 216. 
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TABLE Vm. 

For Calculating the Elevation of the Sun above the Plane of the RingSy 4-c* 



1^ 


V 


a' 


Log. sin I' 


1 


r 


A' 


^ 


r 




O 1 H 


o 1 n 






/ // 


O 1 II 


o ^ // 


O / // 


1860 


112 26 44-40 


69 14 20-21 


9-6544178 


14 


2 29 26*90 


171 39 40-23 


2 8 24-70 


26 49 26-27 


1861 


112 27 16-96 


69 14 36-91 


9-6644192 


13 


2 29 26-75 


171 40 27-20 


2 8 24-94 


26 49 26-69 


1862 


112 27 46-62 


69 14 63-30 


9-6544206 


14 


2 29 26-60 


171 41 14-16 


2 8 25-17 


26 49 26-91 


1863 


112 28 17-08 


59 16 9-70 


9-6544219 


13 


2 29 26-46 


171 42 1-13 


2 8 25-41 


26 49 27-23 


1864 


112 28 47-64 


69 16 26-09 


9-6544232 


14 


2 29 26-30 


171 42 48-09 


2 8 26-64 


26 49 27-65 


1866 


112 29 18-20 


69 16 42-49 


9-6644246 


18 


2 29 26-16 


171 43 85-06 


2 8 26-88 


26 49 27*87 


1866 


112 29 48-76 


69 15 68-88 


9-6644269 


14 


2 29 26*00 


171 44 22-08 


2 8 26-12 


26 49 28*19 


1867 


112 30 19-32 


69 16 15-28 


9-6544278 


13 


2 29 25*85 


171 45 8-99 


2 8 26-85 


26 49 28-51 


1868 


112 30 49-88 


69 16 31-67 


9-6544286 


13 


2 29 25*70 


171 45 55*96 


2 8 26-59 


26 49 28-83 


1869 


112 31 20-44 


69 16 48-07 


9-6644299 


14 


2 29 26*56 


171 46 42*92 


2 8 26-82 


26 49 29-16 


1870 


112 31 61-00 


69 17 4-46 


9-6644318 


13 


2 29 25-40 


171 47 29-89 


2 8 27-06 


26 49 29-48 


1871 


112 32 21-66 


69 17 20-86 


9-6544326 


14 


2 29 26-26 


171 48 16*86 


2 8 27-30 


26 49 29*80 


1872 


112 32 62-12 


69 17 37-25 


9-6544840 


13 


2 29 26-10 


171 49 3*82 


2 8 27-53 


26 49 80-12 


1873 


112 33 22-68 


59 17 53-65 


9*6644358 


13 


2 29 24-95 


171 49 60*79 


2 8 27-77 


26 49 30-44 


1874 


112 33 68-24 


59 18 10-04 


9-6644366 


14 


2 29 24-80 


171 60 87-75 


2 8 28-00 


•26 49 80*76 


1876 


112 34 23-80 


59 18 26-44 


9-6644380 


13 


2 29 24-66 


171 51 24-72 


2 8 28-24 


26 49 31-08 


1876 


112 34 64-36 


59 18 42-88 


9-6644398 


14 


2 29 24*60 


171 62 11-69 


2 8 28-47 


26 49 31-40 


1877 


112 36 24-92 


69 18 69*23 


9*6544407 


13 


2 29 24*86 


171 52 58-65 


2 8 28-71 


26 49 31-72 


1878 


112 36 65-48 


69 19 15-62 


9*6544420 


14 


2 29 24-20 


171 53 45*62 


2 8 28-94 


26 49 82-04 


1879 


112 36 26-04 


69 19 32-02 


9*6644484 


18 


2 29 24-05 


171 64 82*58 


2 8 29*18 


26 49 82-36 


1880 


112 36 66-60 


69 19 48-41 


9*6544447 


13 


2 29 28-90 


171 66 19*66 


2 8 29*41 


26 49 32-69 


1881 


112 37 27-16 


69 20 4-81 


9*6544460 


14 


2 29 28-76 


171 66 6*62 


2 8 29*66 


26 49 88-01 


1882 


112 37 67-72 


69 20 21-20 


9-6544474 


18 


2 29 28*60 


171 66 58-48 


2 8 29*88 


26 49 38-83 


1883 


112 38 28-28 


59 20 37-60 


9*6644487 


14 


2 29 23-45 


171 67 40-45 


2 8 30*12 


26 49 38-66 


1884 


112 38 68-84 


59 20 53-99 


9-6544501 


18 


2 29 23-30 


171 68 27-41 


2 8 80*35 


26 49 33-97 


1886 


112 39 29-40 


59 21 10-39 


9-6544514 


13 


2 29 23-15 


171 59 14-38 


2 8 80-58 


26 49 34-29 


1886 


112 89 69-96 


59 21 26-78 


9-6644527 


14 


2 29 23-00 


172 1-35 


2 8 30-82 


26 49 84-61 


1887 


112 40 30-62 


59 21 43*18 


9*6544541 


18 


2 29 22*85 


172 48-31 


2 8 31*06 


26 49 84-98 


1888. 


112 41 1-08 


59 21 69-67 


9*6644564 


18 


2 29 22*70 


172 1 35-28 


2 8 31-29 


26 49 85-26 


1889 


112 41 31-64 


69 ^ 15-97 


9-6544567 


14 


2 29 22*65 


172 2 22-24 


2 8 81-52 


26 49 85-57 


1890 


112 42 2-20 


59 22 82-36 


9*6544681 


18 


2 29 22-40 


172 3 9-21 


2 8 81-75 


26 49 36-90 


1891 


112 42 32-76 


69 22 48-76 


9-6544594 


14 


2 29 22-26 


172 3 56-18 


2 8 81-99 


26 49 36-22 


1892 


112 43 3-32 


69 23 6-16 


9'6544608 


18 


2 29 22-10 


172 4 48-14 


2 8 32-22 


26 49 36-54 


189a 


112 43 33-88 


69 23 21*55 


9-6544621 


18 


2 29 21-96 


172 5 80-11 


2 8 82-46 


26 49 86-86 


1894 


112 44 4-44 


59 23 87-94 


9-6544634 


14 


2 29 21-80 


172 6 17-07 


2 8 32*69 


26 49 87-18 


1896 


112 44 36-00 


69 28 54-84 




18 


2 29 21-66 


172 7 4-04 


2 8 32*92 


26 49 87-60 


1896 


112 46 6-56 


69 24 10-73 


9-6544661 


13 


2 29 21-50 


172 7 51-01 


2 8 38-16 


26 49 87-82 


1897 


112 46 3612 


69 24 27-18 


9-6544674 


14 


2 29 21-35 


172 8 87-97 


2 8 83-89 


26 49 38-14 


1898 


112 46 6-68 


69 24 48-62 


9-6644688 


13 


2 29 21-20 


172 9 24-94 


2 8 88-68 


26 49 38-46 


1899 


112 46 87-24 


59 24 59-92 


9*6544701 


14 


2 29 21-06 


172 10 11-90 


2 8 38-86 


26 49 88-78 


1900 


112 47 7-80 


69 25 16-31 


9-6544716 




2 29 20-90 


172 10 58-87 


2 8 84-09 


26 49 89-11 



See Note p. 216. 
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TABLE IX. 
Great Inequality of Saturn and Jupiter, 



Years 


GREAT INEQUALITY OP JUPITER 


GREAT INEQUAUTY OP SATURN 




Differences 




Differences 




EquAtian 






BquadDn 








PirEt 


Second 


Fi«t 


Second 




t tf 


f u 


ft 


f It 


1 w 


ri 


\rm 


- 141 fi 


+ 1 ig-73 




+ 48 79 


- a 14-07 




1660 


+ I 4-57 


1 18*37 


- 0-16 


- 3 25-23 


3 13-56 


+ 0-51 


1^70 


2 2^\i 


1 ]7'9e 


«-6l 


5 38-84 


3 12-13 


1-43 


15S0 


3 41 10 


1 16-05 


I'Ol 


8 50-97 


3 9*80 


2-33 


l£flO 


4 58*05 


1 15' 69 


136 


12 &-77 


8 0-06 


3-14 


1600 


6 13- 04 


1 13'97 


i-es 


15 7-43 


3 2*64 


4-0'-J 


1610 


7 SiT-fil 


1 wm 


l'tt5 


Ifl lU-UT 


2 57 '81 


4-83 


162J 


S 39>6a 


1 &"76 


2*26 


21 7'88 


2 5^-24 


5-57 


leao 


1 43'^ 


I 716 


3-flO 


2i 0-T2 


2 45'35 


6-30 


lejo 


10 S*5-65 


1 4'S1J 


2-84 


ae 45*07 


3 38-73 


7-13 


urn 


12 D-87 




315 


20 24' 70 




7 88 


1660 


18 204 


1 1*17 


»-43 


31 ^fi^ 


2 30'8J> 


8*55 


ie7a 


n 5&-78 


57-74 


a -67 


u vtm 


2 22-30 


9-13 


leso 


14 53-85 


64'07 


3*95 


26 3102 


3 13-17 


9*80 


1690 


15 43-97 


* 50-13 


417 


3F K4-;i0 


2 3-28 


10-40 


1700 


10 29-02 
17 11-55 


ft 45-9fl 
41*113 


4*32 


40 ^7-13 


1 52-83 
I 41-93 


lO-Ofi 


mo 




4*fift 


42 O'll 




U*4T 


1T20 


17 43-58 


37-03 


4-75- 


43 39-57 


1 30-46 


11-95 


1730 


la 30*86 




4-94 


44 58-09 


1 13-51 


12-25 


1740 


18 4B-20 


27*34 


5-05 


46 4'34 


1 6*ie 


12-61 


17fiO 


10 10 '40 
10 37'CO 


22-29 
17*11 


5-18 


46 57-99 


53-65 
40 '69 


12-96 


1760 




5-25 


47 38-68 




13-21 


1770 


10 30-46 


11-Sfi 


fl-;fft 


43 0-13 


27*48 


13-36 


1780 


19 45 94 


6-48 


5'38 


48 20-38 


14-22 


13-37 


17P0 


10 47-04 


■1- I'lO 


5-38 


48 21 '23 


- 0*B5 


13-52 


leoo 


10 42-76 


- 4'2S 
0*75 


5'47 


48 3-56 


-1- 12*07 
a 30-13 


13-45 i 


leio 


19 33*01 
10 17-35 


15-16 


5-41 


47 42-44 


C 30-49 


13-37 


132fl 




5-32 


47 2 05 




13-19 


lesto 


18 57-^7 


20-48 


5-31 


46 10-27 


52*63 


13-03 


IMO 


13 3i*es 


35*70 
31-01 


5-22 


45 4*56 


1 5-71 
1 19*35 


12'64 


ISfjO 


18 0*57 


36-06 


5-05 


43 46-21 


I 30-78 


12-43 


IfiSO 


17 !?4'51 


40-92 


4-83 


42 15 '43 


1 42*71 


1103 


1870 


16 43*fi9 




4-73 


40 32 -7-^ 




11-53 


leso 


Ifi fi7*fli 


45-63 
50-16 


4-51 


38 33-48 


1 54-24 

2 510 


10-86 


1S90 


15 7*78 


4-37 


30 33-38 


10-39 






& 54-53 






2 15-49 




1000 


14 13'i!5 






34 17-89 
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TABLE X. 

Passages of the Rings^ Plane through the Sun between the years 
1600 and 2000. 













Face of Bing 




Tear 


Month 


Day 


Civil Time 


illuminated 
during interval 


Phase at passage 












between passages 










h.] 


n. 






1612 


December 


28th 


1 


P.M. 


Southern 


Disappearance 


1626 


September 


15th 


11 


A.M. 


Northern 


Beappearance 


1642 


June 


18th 


6 


A.M. 


Beappearance 












Southern 




1656 


March 


3rd 


7 


P.M. 


Northern 


Beappearance 


1671 


December 


6th 


9 


A.H. 


Southern 


Disappearance 


1685 


Augast 


20th 


12 


noon 


Northern 


Disappearance 


1701 


May 


23rd 


7 


P.M. 


Southern 


Beappearance 


1716 


February 


6th 


1 


P.M. 


Northern 


Beappearance 


1730 


November 


7th 


11 


A.M. 


Southern 


Disappearance 


1744 


July 


23rd 


6 


.P.M. 


Disappearance 












Northern 




1760 


April 


24th 


4 


A.M. 


Southern 


Beappearance 


1774 


January 


7th 


1 


A.M. 


Northern 


Beappearance 


1789 


October 


7th 


12 


midn. 


Southern 


Disappearance 


1803 


June 


23rd 


10 


A.M. 


Northern 


Disappearance 


1819 


March 


23rd 


7 


P.M. 


Southern 


Beappearance 


1832 


December 


4th 


9 


P.M. 


Northern 


Beappearance 


1848 


September 


3rd 


3 26 P.M. 


Southern 


Beappearance 


1862 


May 


18th 


8 80 A.M. 


Disappearance 












Northern 




1878 


February 


14th 


2 


P.M. 


Southern 


Disappearance 


1891 


October 


29th 


1 


A.M. 


Beappearance 












Northern 




1907 


July 


29th 


3 


A.M. 


Southern 


' Beappearance 


1921 


April 


10th 


4 


A.M. 


Northern 


Disappearance 


1937 


Jannaiy 


6th 


4 


P.M. 


Southern 


Disappearance 


1950 


September 


19th 


1 


P.M. 


Northern 


Beappearance 


1966 


June 


17th 


2 


P.M. 


Southern 


Beappearance 


1980 


February 


28th 


3 


P.M. 


Northern 


Beappearance 


1995 


November 


26th 


6 


A.M. 




Disappearance 
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EXPLANATION OF THE TABLES. 

Tables L, IL, and III. have been oalcnlated for liie most part from 
* Madler's Elements.' The dimensions of Saturn's globe, as of the rings in 
Table IV., have been selected for reasons mentioned in Chapter III. The 
gravity of Saturn has been calculated, for the equator and poles, from 
approximate formulae ; (* Todhunter's Analytical Statics,' art. 217.) 

Table IV. The quantities Q, X', /3', i, I, and s' have been calculated 
from the formulfle given in the explanation of Tables VII. and VIII. The 
variations of all these quantities, except /3', are nearly uniform for long 
intervals of time, and have been determined from the values of the 
quantities for the years 1800 and 19j00. The annual variation of /3' is not 
uniform for that interval, ranging from 0''-239 in the year 1800, to 0"-234 
in the year 1900. 

Table V. Except the 4th, 6th, 7th, and 8th columns, calculated by 
myself, the elements of Table V. are Madler's, corrected in places from the 
best modem determinations. 

Table VI. Except the column of mean hourly motions, this table is the 
same as Table XXXIII. of Loomis' * Practical Astronomy.' I have added the 
hourly motion of Neptune to the hourly motions of the other planets, taken 
from Hind's * Introduction to Astronomy.' The equatorial horizontal 
parallax of the sun at his mean distance is assumed to be 8''*5776 
throughout this table. 

Table VH. has been calculated by means of the following formulae * : — 
Let Q represent the mean longitude of the ring's ascending node in the 
ecliptic at time t 
t, the mean inclination of the plane of the ring to the ecliptic. 
I, the mean inclination to the equator. 
N, the mean position of the ascending node in the equator. 
a», the obliquity of the ecliptic. 

» See * Nautical Almanac' for 1838, preface, p. viii. ; and prefaces to later Nautical 
Almanacs. 

. Q2 
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Then adopting Beflsel's detennination of Q and t, viz, :— 
Q = 166<> 53' 8"-9 + 46"-462 (<- 1800\* . 
•« 28*'l(y44'^-7- 0"-860(<-1800J ' 
and aasnming tan ^stan i cos Q ; 

^ N^.7» ^tan a ; tan 1= ^ <»+"> ■ 

The table ia lipplied to the detennination of the appearance of tlie rings, 
by means of the following £>rmiiUe :— - 

Let a zepxeeent tlie major axis of the zing at the planet^s mean 

distance, 
a'y the apparent outer major axis of the outer ring^ 
af'^ the apparent inner major axis of the inner ring) 
h\ the apparent outer minor axis of the outer ringK 
b'\ the apparent inner minor axis of the inner ring) ' 
/, the elevation of the earth above the plane of | 

the rings I . 

ty the elevation of the sun above the plane off 

the rings j 

Py the inclination of the northern semi-minor axis of the ring 

to the circle of declination.f 
Of the geocentric right ascension 
^f the geocentric declination 
Pf the distance from the earth 
X, the heliocentric longitude 
/3, the heliocentric latitude 
r, the mean distance fiom the sun 

Then, adopting Bessel's value of a and Bouvard's value of r : — 
a=39"-808; r= 9-54301; log (ar)=2-5741663; 
and assuming tan Qstan I sin (a— N) ; 

tan;)= ^T^Zf) ^^ («""N)» **^ '=**^ (Q-J) cos;?; 

sin Z'ssin i cos /? sin (X— q)— cos t sin /3; 

a'=^-I; a"=a'x -665; ft'r=a' sin i; i"=yx-665. 
P 
Example. — Required to determine afy a", b\ I/% p^ and I for Juuq 22nd, 
1865, at mean noon : — 

* M. Maradi, in 1716, determined 8 = 166<> 20'; and V (see Table yiIL)=rl69<' 48' 
3(K': these yalues agree well with the values and variations given in the text. 

t b\ V\ and /, are considered positive when the north surface of the ring is visible, 
otherwise negative; V is considered positive if the sun is above the northern snr&ce of 
the ring; otherwise negative ; 'p is considered positive if the northnn semi-minor axis 
of the ring is inclined to the ea%t of the declination-circle, otherwise negative. 
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We obtain from Table VIL, 

N=:125° 47' 9"-7 ; and log tan 1=9-0956472 
Again a=202^ 49' 21"-0 ; and 3=6** 46' 14"- 5 S. 
Thus a— Ns= 77° 2' IF'S ; and the calculation proceeds asTollows : — 

log Bin (a—N)« 9-9887877 
log tan 1= 9*0956472 

Q= 6** 55' 81" log tan Q= 9*0844349 

g«- eo 46' 14" ^ i^g ^^ Q^ 90812563 

Q-S= 13M1'45" logcot(a-N)= 9-3621013 

19-4433576 
logcos(Q-3)= 9-9874723 

l>= -r 38' 14" log sin p=z 8-4558853 

logtan(Q-3)s 9*3868543 
logcos|>= 9*9998227 

Z=. + 13*^41'26' log tan /= 9*3866770 

log (a r)= 2-5741663 
logp= 0*9696225 

a'=40"-229 log a'= 1*6045438 

log sin fe 9*3741578 

6'=+ 9"*521 log ft'= 0*9787016 

a"= 40"*229x*665= 26"-753 
6"=+ 9"*521x*665=+ 6"*332 

These values correspond very well with those given in the ' Nautical 
Almanac' for 1865, p. 486, viz-:— 

p=^ r38'*4; «'= 40"*23; a"= 26"*75; 
fe + 13*»41'*4; y=+ 9"*52; ^'=4- 6"*33. 

The value of V may be more convenientiy calculated from Table VIII. 
than from the formula given in the * Nautical AJmanac.' 

Table VIIL The elements in this table are those referred to under the 
same symbols in Table IV. The value of /'may be determined from these 
elements as follows : — 

Let X be Saturn's heliocentiic longitude. 
/3, Saturn's heliocentric latitude. 

Then, asstiming 

cos )p=cos (X — v) cos p > 
we obtain sin Z'=sm (\//— q') sin I'. 
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Thus for June 22nd, 1865, at mean noon :-~ 

We obtain from Table Vn. 

r= 112^29' 32"-7; 8'=59n5'50"-3; andlogsinr=9-6544253 
Again X= 209** 8'34"-9; and i3=2*' 28' 19"-2. 

Thus X- 1'= 96°* 89' 2"-2 ; and the calculation proceeds as foUows :— 

log cos (X-i')= 90637632 
log cos j3=9-9995956 

y^= 96^ 38' 89"-8 log cos ^/;=9-0633588 

and ^-8'= 37° 22' 49"-5 » log sin (^- e')= 97832633 

log Bin I'=9-6544253 

Z'= + 15° 54' 3"-7 log sin Z'=9-4376886 

The * Nautical Almanac ' gives Z'= + 15° 54'-l . 

Madler's values of v and t' have been adopted in Table VIII. Bouvard's 
values differ slightly from those of Madler. Thus, for the year 1900, the 
values of v and t', according to Bouvard's Tables, are respectively 
112° 47' 20"7 and 2° 29' 20"-4. In Table VIH., y and i^ are respec- 
tively 112° 47' 7"-8 and 2° 29' 20"-9. Adopting Madler's values, the 
formulae for ft' and I' are as foUows :— 

Q'=58° 57' 56"-8 + 16"-395 («-1800); 
I'=26°49' 7"-0+ 0"-321(<-1800). 

Adopting Bouvard's values, we obtain the formulae : — 
8'=58° 58° l"-9 + 16"-201 (e-1800) ; 
r=26°49' 7"-2-f 0"-317 («-1800). 

The hour at which the ring's plane passes through the sun may also be 
determined from Table VIII. Thus, for the passage in May, 1862 : — * 

From the table we have for May, 1862, X'=:171^ 41' 32"-4 ; 

and Saturn's heliocentric longitude being 171° 39' 47"*1 at mean noon of 
May 17th, and his daily motion 2^ 3"'4, it is easily calculated that his 
heliocentric longitude was 171° 41' 32"-4 at 8h. 30m. a.m. of May 18th, 
1862, at which time, accordingly, the plane of the rings passed through the 
sun. In a similar way, it may be shown, that the passage of the ring's plane 
through the sim in 1848, took place on September 3rd, at 3h. 24m. p.m. 
It may be mentioned that /3' deduced from the table is not necessarily the 
same as Saturn's heliooentric lajtitude at such a passage, since Saturn may 
be (through perturbations) above or below his mean orbital path. 

* It may be mentioned that (^r- a') ia Argument XVIU. of l^uvard's Tables of 
Saturn. 
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Table IX. combines partsofBbuvard's Tables (XI. of Jupiter and Satiim), 
the French measures being converted into English. A word or two maj 
be required in explanation of the table. Take the inequality of Saturn :— ». 
The equation of Saturn for 1550 is +48"*79, — by this is to be understood 
that (so &r as the great inequality is concerned*) Saturn at this time was 
48"'79 in advance of his mean place in longitude ; the equation for 1560 
is negative, — or in 1560 Saturn was behind his mean place. At some in- 
termediate date, then, he must have been in his mean place, and it is easily 
seen that this must have happened in the year 1552. From this time Saturn 
lagged more and more behind his mean place, imtil, between the years 
1780 and 1790, his equation attained its greatest negative value. This 
happened about the beginning of the year 1786, Saturn being then about 
48-^' behind his mean place in longitude. From this point his distance 
from his mean place has been continually diminishing, being now about 
41^'. This diminution will continue till he reaches his mean place in 
the beginning of the 21st century; he will then pass in advance of his 
mean place, till in the middle of tiie 23rd century he will be about as 
much in advance as he was behind in 1786. . Now, it is clear, from the 
consideration that Saturn was falling farther and &.rther behind his mean 
place from 1552 to 1786, that during all tiiat time he was moving with a 
motion less than his mean motion ; and further, it is dear that the same 
was the case before the year 1550; for before that year he had been 
gradually falling back to his mean place, from a place about 48^' in 
advance of it. Thus, from 1552 to 1786, and for about as long an interval 
before 1552, Saturn's period was greater than his mean period. And it is 
clear that Saturn's period has been less than his. mean period from 1786 to 
the present time. It wiU continue less till the middle of the 23rd century. 
The column of first differences indicates these changes more clearly. It 
exhibits the amount of longitude lost or gained by Saturn in each decennial 
period. It appears that the loss was greatest when Saturn was near his 
mean place ; from which we learn that Saturn moved more slowly at that 
time, — or, in other words, that his period was tiien greatest.f Similarly, we 
learn that Saturn's period gradually diminished, until in 1786 it passed 
through its mean value, and that it has continued to diminish ever since. 
Thus Saturn's period attained its maximmn when the inequality vanished, 
and passed through its mean value when the inequality obtained its 
maximmn negative value; and similarly Saturn's period attains its 

* Throughotit the explanation these words mnst be understood; other perturbations 
operate to diminish or increase the departure of Saturn from his mean place. 

t By * the period of a planet at any instant* is to be understood the period in which' 
the planet would accomplish a sidereal roTolation about the sun if undisturbed from 
that instant by the attractions of other bodies. 
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iT^fntfniiin Talue when the inequalify yaniahes, and retains to its mean 
▼alne when the inequalily attains its maximnm positiye value. Lastly, 
the column of second differences enables us to estimate the rate at which 
the period diminishes or increases. It appears from this column that the 
period varies most rapidly when it is passing through its mean value. The 
inequality of Jupiter may be interpreted in precisely the same manner. 

If the two columns of third differences be drawn out, they will be found 
less regular than the columns of first and second differences appear to be. 
We have in this irregularity the first indication of the variation in the 
disturbing actions of the two planets, arising firom the variable relations 
described In Chapter VI. 

Table X. gives the days on which the plane of Satum^s ring has passed 
through the sun firom the time of the discovery of the ring to the end of the 
20th century. The passages have been calculated fit)m those of September 
3rd, 1848, and May 18th, 1862. The only corrections applied have been 
those due to the great inequality, and to the precession of the nodes of the 
ring's plane on Saturn's orbit. Thus, for the calculation of the ring's disap- 
pearance in the year 1789 : — This disappearance must be calculated fit>m 
September 3rd, 1848. Saturn's mean sidereal period contains 10759*2197 
days, but in each year the nodes of the ring r^ede through an arc of 3''* 145 ; 
and therefore in Saturn's sidereal period the nodes of the ring regrede 
through 1' 32"*6* Now Saturn's mean daily motion at the part of his 
orbit in which the passages we are considering take place — in other words, 
at the autimmal equinox of his northern hemisphere— is 1' 59''*0 ; thus the 
time occupied in passing over an arc of 1' 32"*6 is 0*779d., and by this 
amoimt Saturn's mean sidereal period must be diminished to obtain his 
mean tropical period for the part of his orbit in question. The latter 
period is therefore 10758*441 days; and this interval contains 7 sets of 
four years (one year in each set being leap year), one common year, 
and 166d. lOh. 35m. ; therefore two such periods contain 14 sets 
of four years, and three common years, wanting 32d. 2h. 50m. Now, 
if we calculate such an interval backwards fix)m 3h. 26m. p.m. of September 
3rd, 1848, remembering that 1800 is a common year, we arrive at October 
5th, 1789, 6h. 16m. p.m. But firom Table IX- we find that for September 
3rd, 1848, the inequality is— 43' 5 6"- 6, and for October 5th, 1789, the in* 
equality is— 48' 21"-4 ; thus Saturn was 4' 24"-8 ferther behind his mean 
place in October, 1789, than he was in September, 1848, and therefore 
the ring's plane passed later through the sun by the time in which Saturn 
with a daily motion of 1' 59'''0 passes over an arc of his orbit of 4' 24"*8, 
or by 2d. 5h. 24m. ; so that the corrected date is October 7th, llh. 40m. 
P.M., the nearest hour to which is 12 midn., October 7tb. 

* Saturn's mean period oontains 29*4578 tropical, or 29*4566 sidereal yean. 
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For passages calculated from May 18th, 1862, the excess of Saturn's 
tropical revolution over 7 sets of four years and one common year, is 
166d. llh. 16m. This may easily be verified in the manner shown above, 
remembering that Saturn's mean daily motion near the vernal equinox of 
his northern hemisphere is 2^3'''4. 

The autumnal equinox of Saturn's northern hemisphere is continually 
receding from, and the vernal equinox approaching, the perihelion of the 
orbit, by an arc of 19''-31 + 3''145, or 22M55 in each year, or by 11' l"-5 
in each mean Satumian period. Owing to this variation Saturn's tropical 
periods, measured from the vernal equinox, successively increase by about 
21 seconds, while those measured from the autumnal equinox successively 
diminish by about 20 seconds. Another small correction is due to the 
same variation of motion applied to the correction for the great inequality 
of Saturn. 

The table can be applied to determine approximately the dates of the 
passages of the ring's plane through the earth. Thus, take the passages of 
the year 1789 : the ring's plane passed through the sun on October 7th, 
when the earth therefore had passed the autumnal equinox by about 18^ ; 
thus the earth was between the autumnal eqidnox and £ (fig. 1, Plate VUL), 
very near the point at which ^ 1 r' crosses the earth's orbit. At this 
moment Saturn was near the point m, but had not quite reached that point ; 
for the nodal line of the ring's plane on Saturn's orbit advances 46''*966 
yearly in longitude, and therefore in 1789 the point corresponding to M 
was nearer m" by an arc of 58' 54"'2 ; and similarly the nodal line of the 
ring's plane on the ecliptic was very nearly in direction s b, but passed 
nearer r" by an arc of 58' 16"-3. Thus it is very easily seen that before 
the passage of the plane of the ring through the sun the earth had passed 
twice through the ring's plane, both passages occurring when the earth was 
very near the point e', or in Midsummer, 1789. During the short 
interval of time that elapsed between these passages the earth and sun 
were on opposite sides of the plane of the ring, which was therefore 
invisible. It was during the reappearance of the ring in the summer of 
1789 that the elder Herschel determined the period of rotation of the outer 
parts of the ring. After the passage of the ring's plane through the sun 
on October 7th, 1789, the ring was invisible for more than three months, 
reappearing when the earth was very near the point e', or early in February, 
1790, after which the ring continued visible for 13J years. 

Table X. can also be applied to determine approximately the appearance 
of the ring viewed from the earth, and the elevation of the sun above the 
ring's plane. Thus : — ^We may assume without important error that Saturn 
moves with uniform angular velocity about the sun between the successive 
passages tabulated. On this assumption the arc swept out from p or x 
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{^g, 1, PlAte Vni.) at any given time : 180®:: the time elapsed since the 
preceding passage tabulated : the complete interval between that passage 
and the next.* Thus Satom^s position on his orbit is approximately 
determined. The earth's position in her orbit at the same time is deter- 
mined in a similar manner. Thus we can determine the required elements 
by construction, marking down the positions of the two bodies in a figure 
(as fig. 1, Plate VIII.), and thence determining the angles at which the sun 
and earth are respectively elevated above the plane of the rings, as shown 
in Chapter IV., page 80, note* ; or we may obtain the required angles by 
a simple trigonometrical calculation 

Table XI. exhibits the general features of the Satumian heavens for 
those latitudes within which any part of the rings can be seen. Of the 
manner in which this table is to be interpreted enough has been said 
in Chapter VJI. The table has been calculated as follows : — 

The azimuths of the sun at sunrise and sunset at the winter solstice in 
any latitude are obtained from the formula — 

cos azimuth = sin F sec ^ ; 

where I' is the obliquity of the Satumian ecliptic (or 26° 49' 28") and 
the satumicentric latitude. The supplement of the angle thus obtained is 
the corresponding azimuth at the summer solstiee in latitude 0» At the 
equinoxes the corresponding azimuth is 90° for all latitudes. 

The* meridian altitudes of the sun at the winter and summer solstices in 
any latitude are obtained by subtracting and adding, respectively, 26° 49' 
to the meridian altitude at either equinox-^that is, to the complement of 
the latitude. 

The diurnal arc traversed by the sun at the winter solstice, in latitude 0, 
is given by the formida — 

cos ^ (diurnal arc) = tan I' tan 0; 

360°, diminished by the arc thus obtained, is the corresponding arc at the 
simimer solstice ; also the nocturnal arc at the summer is equal to the 
diurnal arc at the winter solstice, and vice versd. The length of the day 
follows at once fix)m the length of the diurnal arc ; since— 

length of day : lOh. 29m. 17s.: I diurnal arc : 360° 
The length of the day at the winter solstice is obviously equal to the length 
of the night at the summer solstice, and vice versd. 

For the appearance of the ring we have the £>Uowing formulas:— • 

* The interval from ih& passage in May, 1862, to the next passage (in February, 1878) 
being 5751 i days, Satnm's average daily angular Telocity in tliis interval is 1' 62"'7^ 
Xlie following interval (to the passage in October, 1891) contains 5004^ days ; in thiB 
iaterva]^ therefore^ Saturn's average daily motion is 2' 9'''d. 
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Let ^ represent the satnmicentric latitude. *,'';..: 

r, the aemi-diameter of an edge of a ring. 

8, the equatorial semi-diameter of Saturn. .: 

s', the polar semi-diamet^ of Saturn. 

a, the azimuth of the ring^s edge where it crosses the horizon. 

/3, the altitude of the ring's edge where it crosses the meridian. 

y, the arc of the ring's edge above the horizon. 
Put 



cot 0~?^cot^ ; k=:g sec d ; l=sk mk^d coaeo ^. 



Then 



tan a= ^ v ^ >^ v 1_^ c^g/ .«_ 

I 2 «> 

the upper or lower sign to be taken in the last formula according as (r— t) 
is greater or less than /. The latitude in which the edge of a ring disapr 
pears is obtained by putting ^=r, whence. we get 

cot 0= y======= , 

The arcs of the horizon or meridian covered by a ring or division are 
obtained by taking the difference of the azimuths or altitudes, respectively, 
of the inner and outer edges of the ring or division. 

The parts of the table referring to declination-parallels tiirough the 
points A, a', b and b' have been calculated from the following formulae : — 

Let A represent the azimuth of the point a|« i ^.-h /i 
B, the meridian altitude of the point b j ^' 

P, the meridian altitude of a 'declination-parallel 

through A. 
Q, the azimuth of the point of intersection with the 
horizon of a declination-parallel through b. 
Then,— 

cos (0H-P)=cos A cos ^ ; 
and cos Q cos ^=cos (B4- 0). 

And substituting A' for A, and B' for B, the same formulae are used to 
determine the altitudes of corresponding parallels through a' and b'. 

For those latitudes within which the sun reaches the points a' and b', 
these pardllels represent the sun's diurnal paths at that part of the Satur- 
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nion year ia which the sun passes through the points A, a', b, or b'. Thus 
we can determine the intervals contained in the last section of the table, 
as follows :— - 

Let L be the angle swept out hj Saturn about the sun from the autum- 
nal equinox, when the sun's meridian altitude is M, in latitude ^. 

Then,— 

sm r 

and, if we suppose Saturn to move uniformly with his mean motion, the 
interval from the equinox in which he would sweep out the angle L about 

the sun is — — days. For one degree of arc the 

Saturn s mean daily motion 

time is 29*9 days, for one minute of arc the time is 0*5 d. From these 

formuke and values the intervals of total and partial eclipse have been 

calculated— a suitable correction being introduced for the sun's apparent 

diameter (assumed to be 3' 20'') viewed from Saturn. These results are 

not affected by the refraction of Saturn's atmosphere, for when the sun is 

eclipsed by any part of the riug refraction elevates the sun and that part 

of the ring by the same amount. The other elements tabulated are affected 

by the refraction of Saturn's atmosphere. The effects of such refraction 

are :-— To increase altitudes and azimuths, especially the latter ; to increase 

the diurnal arcs traversed by the sun, the lengths of the Satumian 

days, and the arcs of the rings' edges above the horizon ; and, in general, 

to diminish the arcs of the meridian and horizon covered by the rings ; 

but when the outer edge only of a ring is visible the arcs of the meridian 

and horizon covered by that ring are increased by refraction. 
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EXPLANATION OF ASTRONOMICAL TERMS USED IN THE 
BODY OF THE WORK. 

Aberration,— An apparent digplacement of any celestial object, due to 
the progressiye motion of light Aberration is caused in two vajs-^ 
first, bj the orbital motion of the earth, secondly, by the motion of the 
observed celestial object Aberration due to the first cause is constant 
for all celestial objects except the moon. Aberration due to the second 
cause is common to all celestial objects, but varies with their distances and 
rates of motion : where these are known the aberration can be determined. 
The aberration of the fixed stars due to this cause is not determinable ; but 
the distance between the real and apparent place of a star must in general 
be very great For instance, light is 14 or 15 years travelling from Sirius to 
the earth, and in this interval Sirius no doubt travels many millions of miles. 

The earth's axial rotation also causes a small change in the apparent posi- 
tions of all celestial objects ; this is called the diamal aberration. 

^ther. — See Medium, Besisting, 

Altitude. — ^The angular distance of a heavenly object firom the horizon, 
measured in the direction of a great circle passing through the object and 
the zenith. See Azimuth. 

Altitude and Azimuth Instrument. See Azimuth, 

Amplitude. — ^The distance of a celestial object at rising or setting, fi-om 
the east or west points, respectively, of the horizon. 

Angular Velocity, — ^The angular velocity of one body about another is 
the rate at which angles are described by the radius vector of the former 
body. See Radius Vector, 

Anomalistic Period. — ^The time of revolution of a planet or satellite in 
reference to the line of apsides of its orbit. The period will vary according 
as the nearer or further apse is chosen as the starting-point :-^Thus, in the 
case of the earth the line of apsides is continually advancing. So that the 
anomalistic period exceeds the sidereal period by the time in which the 
earth passes over the annual arc of advance traversed by the line of apsides ; 
and the earth will plainly pass over this arc more rapidly when near perihe- 
lion than when near aphelion. 

^n«^.— Handles; a term applied to the apparent projections formed by 
the ring on each side of Saturn's globe. 
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Aphelion, — ^The point in the orbit of a planet or comet which is farthest 
from the smi. 

Aposatumium, — The point in a satellite's orbit ferthest from Saturn. 

Apparent Motion. — ^I'he motion of the celestial bodies viewed from the 
earth. The term is sometimes applied to the daily motions of the celestial 
bodies caused by the diurnal rotation of the earth, at others to the motions 
of the celestial bodies on the sidereal sphere, — that is, among the fixed stars. 

Apsides, Line of. — The imaginary line joining the apses of the orbit of a 
planet or satellite ; more strictly, it is the line joining what would be the 
apses of the planet's path if the planet moved undisturbed through a 
complete revolution from the moment considered. 

Apse or Apsis. — The point of the orbit of a planet or satellite at which 
it is fiuthest from, or nearest to the sun or primary, respectively ; or, more 
correctly, the points of such orbits at which the direction of motion is at 
right angles to the line from the centre of motion. 

Arc of Progression. — The arc passed over by a planet when its motion 
is direct, or in the order of the signs. 

Arc of Retrogradation. — The arc passed over by a planet when its motion 
is retrograde, or contrary to the order of the signs. 

Aries. — ^A constellation ; but also the first sign of the Zodiac. The 
commencement of this sign is called the first poirU of Aries : it is the point 
in which the ecliptic and the equinoctial line intersect, the ecliptic passing 
from south to north of the equinoctial line. The sun's centre occupies this 
point at the vernal equinox of the northern hemisphere ; and from this point 
longitudes are measured along the ecliptic in the order of the signs, and 
right ascensions upon the equator from west to east. The constellation 
Pisces at present occupies the sign Aries. At the vernal equinox the earth's 
heliocentric position corresponds to the first poin^ of Libra. 

Ascending Node. — See Node. 

Ascension, Eight. — ^The right ascension of a celestial body is the angle 
between two planes, one passing through the pole of the heavens and the 
body, the other through the pole of the heavens and the first point of Aries. 
The method of indicating the position of a celestial object by assigning its 
right ascension and declination maybe thus illustrated: — Suppose a telescope 
so constructed as to be moveable about an axis directed to the pole of the 
heavens, and also about an axis at right angles to the former and to the 
axis of the telescope ; let the telescope in the first place be directed to the 
first point of Aries : then the telescope may be directed towards any celestial 
object by two movements — the first round the polar axis of the instrument 
(fi^m west to east), the second about the other axis (towards or from the 
north pole) ; the angle through which the telescope is swept about the 
fonner axis is the same as the Eight Ascension of the object; the angle 
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through which the telescope is swept about the latter axis is the same as 
the declination of the object; and the declination is north or south accord- 
ing as the latter motion of the telescope is towards or from the north 
pole. A telescope so mounted is called an Equatorial. (The refiractiye 
effects of the atmosphere are neglected in the preceding lines ; slight cor- 
rections are due to those effects.) 

Asteroids. — ^The minor planets which reyolve between the orbits of Mars 
and Jupiter. 

Axis of a planet, — The imaginary line upon which the planet rotates. 

Aods of an orbit, — The major-axis of the orbit of a planet is the apsidal 
line ; the minor-axis is a line at right angles to the former through its 
middle point. 

Axis of figure, — If the surfece of a body may be supposed to be pro- 
duced by the revolution of a plane curve about a straight line, the body is 
said to have a surface of revolution, and the straight line is called the axis 
of figure of the body. N^lectiog minor irr^ularities, the planets are such 
bodies, the generating curve in each being an ellipse, and the minor axis- 
of such ellipse the axis of figure. 

Axis of rotation.— Any straight line about which a body revolves in the 
same manner as it would if the parts of the body were rigidly connected 
with the line, is called the axis of rotation of the body. In the earth and 
planets the axis of rotation coincides with the axis of figure. 

Azimuth. — The azimuth of a celestial body is the angle between two 
planes, one passing through the zenith and the body, the other passing 
through the zenith and the north and south points of the horizon. Azimuths 
are measured through 180°, and in general from the north or south point 
of the horizon according as the north or south pole of the heavens is 
elevated. The method of indicating the position of a celestial body by 
assigning its fdtitude and azimuth may be thus illustrated : — Suppose a 
telescope constructed so as to be moveable about a vertical axis and also 
about a horizontal axis at right angles to the axis of the telescope ; let the 
telescope be directed in the first place towards the north point of the 
horizon : then the telescope may be directed towards any celestial object 
by two movements— the first about the verticsd axis, the second about the 
horizontal axis; the first movement directs the telescope to the point 
directly below the object, and the angle through the telescope is swept is 
the same as the azimuth of the object measured from the north point ; the 
second movement raises the telescope till the object is in the field of view, 
and the angle through which the telescope is swept is the same as the 
altitude bi the object. A telescope so mounted is called an altitude and 
azimuth instrument. (The altitude alone is affected by the refraction of 
the atmosphere. CJompare Ascension, Rights) . . 
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Belts. — A name applied to the faintly odoured streaks crossing the disef 
of Saturn and Jupiter. 

Circle of the celestial sphere, — ^A circle in which any plane meets the 
imaginaiy sphere called tiie celestial sphere. Planes passing through the 
centre of this sphero meet its surface in great circles — as the ecliptic, 
prime vertical, meridian, and the like: planes not passing through the 
centre meet the sphere in st)iall circles; these are sometimes termed j^araZZ^Z^. 
See ParalkL Where the word circle is combined with another term, as decli- 
nation, latitude, or the like, tiie circle referred to is a circle on which the 
element mentioned is measured. Thus, a declination-circle is a circle 
passing through the poles of the heavens, on which, thercforc, declinations 
are measured. 

Co-latitude.-^The complement of the latitude, or the angle by which 
the latitude Mk short of dO^. 

Colure, Equinoctial, — ^A great circle passing through the poles and the 
equinoctial points. 

Colure, Solstitial. — ^A great circle passing through the x)oles and the 
solstitial points. 

Compression of a planet. — The amoimt by which the polar axis MlA 
short of an equatorial diameter. It is generally exprcssed by the ratio it 
bears to an equatorial diameter : — thus, if the comprcssion of a planet 
is said to be iV^> what is meant is that the excess of an equatorial 
over the polar diameter is equal to -^ik part of an equatorial diameter. 

Configuration. — ^The relative positions of stars or other celestial bodies. 

Conjunction. — ^Two bodies are said to be in conjunction upon the celestial 
sphero when they have the same longitude. When a planet is simply said 
to be in conjunction, it is to be understood that the planet is in conjunction, 
with the sun. Since the planets are always near the ecliptic, a planet in 
conjunction with the sun has very nearly the same right ascension as the 
sun. The symbol expressing conjunction is ^. 

Constellation. — A number of stars included within an imaginary figurc 
for the sake of easier identification. 

Culmination. — ^The passage of a heavenly body across the celestial 
meridian of a place. 

Cycle. — A period within which a series of celestial phenomena recurs. 

Circle of Eclipses.^^See Saros. 

Declination. — The angular distance of a celestial body from the equator, 
measurcd along a great circle passing through the body and the pole of the 
equator. See Eight Ascension. 

Ikclination'-circle.''^See Circle, 
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Declination-parallel. — ^See Parallel. 

Degree, — ^Where the sexagesimal division of the circle is employed, a 
degree of arc is the 3 60th part of the circumference ; a degree of angle is 
the 3 60th part of four right angles : the degree is divided into 60 minutes, 
the minute into 60 seconds, after which, in general, decimals are employed. 
In the centesimal division of the circle, a degree or grade is the 
400th part of the circumference, and is divided into 100 minutes, the 
minutes into 100 seconds, and so on continually. 

Descending Node, — See Node, 

Diameter, Apparent. — The angle subtended by the diameter of a 
heavenly body, viewed from the earth. 

Disc. — The visible surface of the sun, moon, or planets. 

Eccentricity of an orbit The distance of the centre of an elliptic 

orbit from either focus. It is generally expressed by the ratio it bears 
to the mean distance or semi-major axis of the orbit : — ^thus, when the 
eccentricity of an orbit is said to be 0*01, what is meant is that the 
distance of the centre of the orbit from either focus is equal to y^^th part 
of the semi-major axis of the orbit. 

Eclipse, — ^The concealment of a celestial body in the shadow of another 
body, or by the interposition of another. In speaking of the satellites of 
Jupiter or Saturn, the term eclipse is confined to the former class, a con- 
cealment due to the latter cause being called an occultation. 

Ecliptic. — ^The great circle of the heavens along which (approximately) 
the sun's centre appears to move in the course of a year. 

Ecliptic J Obliquity of the. — The angle between the planes of the equator 
and the ecliptic ; or, in other words, the complement of the angle at which 
the earth's axis is inclined to the plane of the ecliptic. 

Elements of an orbit. — Quantities whose determination defines the path 
of a celestial body in space. 

Ellipse. — ^A closed curve produced by cutting a cone obliquely. If a 
cone be cut obliquely so that the resulting curve is open with one branch 
only, the curve is ^parabola ; if the resulting curve is open and has two 
branches, the curve is an hyperbola. In the last case, the cone must be 
what is commonly called a double cone, but is strictly speaking understood 
by the term cone. 

Elongation, — The angular distance of a planet fit)m the sun, or of a 
satellite from its primary, viewed from the earth. 

Epoch. — The moment of time to which given numbers or quantities 
apply. 

Equation, — ^Any number or quantity that has to be applied to the 
mean value of another number or quantity to obtain the true value. 
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Equator, — ^The equator of a planet is the circle in which a plane at 
right angles to the polar axis, and half-way between the poles, intersects 
the surface of the planet. This plane is called the plane of the planet's 
equator. The term is, in general, confined to the equator of the earth, 
and the intersection of the plane of the earth's equator with the celestial 
sphere, is called the Celestial Equator^ and sometimes the Equinoctial. 

Equatorial Telescope. — See Bight Ascension. 

Equatorial Horizontal Solar Parallax, — The angle subtended by the 
earth's equatorial semi-diameter from the sim when the earth is at her 
mean distance from the sun. From observations of the transits of Venus in 
the years 1761 and 1769, this angle has been estimated at 8"'5776. It 
appears probable that this value is too small, and therefore the sun's dis- 
tance determined from it too great. The best modern observers determine 
the angle at about 8"*9 ; the value assumed in the body of this work is 
8"* 9 159. The problem of the sun's distance awaits a more satisfactory 
solution from observations of the transits of Venus in the years 1874 and 
1882. See Parallactic Inequality, Moon's. 

Equinoxes. — The points in which the equator of a planet intersects the 
plane of the planet's orbit about the sim. The term is generally confined 
to the intersection of the ecliptic and the plane of the earth's equator. 
For the northern hemisphere, the point at which the ecliptic passes to the 
north of the equator, is called the Vernal Equinox ; the opposite point, 
where the ecliptic passes to the south of the equator, is called the Au- 
tumnal Equinox. For the southern hemisphere, these terms are inter- 
changed. 

Field of view. — The part of the celestial sphere visible at any instant in 
a telescope. The greater the magnifying power applied to a telescope, the 
smaller is the field of view. 

Foci of an ellipse. — Two points on the major axis of an ellipse equi- 
distant from the centre, and whose distances from either extremity of the 
minor axis are equal to the semi-major axis of the ellipse. If two lines 
be drawn from the foci of an ellipse to any point of the curve, the sum of 
their lengths is equal to the major axis ; they are also equally inclined to 
the tangent at that point. 

Geocentric. — ^As supposed to be seen from the earth's centre. 
Geocentric Longitude and Latitude. — See Longitude and Latitude, 

Heliocentric. — As supposed to be seen from the centre of the sun. 
Hemisphere. — ^One half (bounded by a great circle) of the surface of a 
sphere. 
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Horizon^ Sensible, — The circle in which a tangent-plane to the earth at 
any point meets the celestial sphere, is called the sensible horizon of that 
point. 

Horizon, Rational. — The circle in which a plane through the earth's 
centre, parallel to the plane of the sensible horizon of any point of the 
earth's surface, meets the celestial sphere, is called the rational or Ume 
horizon of that point. 

Inclination of an orbit, — The angle at which the plane of the orbit is 
inclined to the plane of the ecliptic. 

Inequality, Great, of Saturn and Jupiter, — ^A variation in the orbital 
motions of these planets, caused by their mutual disturbing attractions. 
See Chapter VI. 

Inequality, Parallactic, MootCs. — See Parallactic Inequality, MootCs, 

Inferior Planet, — ^A planet whose orbit lies within that of the earth. 

Latitude, Geocentric, of a heavenly body, — The geocentric departure ol 
the body from the ecliptic, measured along a great circle passing through 
the body and the poles of the ecliptic. 

Latitude, Geocentric, of a place on the earth, — ^The true angular distance 
of the place from the equator; or, in other words, the angle between the 
vertical at the place and the vertical at the nearest point of the equator. 

Latitude, Geographical. — The angular distance of a place from the 
equator, not corrected for the oblateness of the earth's form ; or, in other 
words, the angle between two lines supposed to be drawn to the place and 
to the nearest point of the equator, from the centre of the earth. 

Latitude, Saturnicentric, of a place on Saturn. — The true angular 
distance of a place from Saturn's equator. 

Libration of the Moon. — An apparent oscillatory motion of the moon, 
whereby we are enabled to see rather more than half the moon's surface. 
The moon's motion of rotation being uniform, but her orbital motion not 
so, two lunes of the moon's surface become visible to us in turn. The ends 
of these lunes lie on that diameter of the lunar disc which is at right angles 
to the direction of the moon's motion ; hence, their greatest breadths lie on 
the diameter which is in the direction of the moon's motion. This is called 
the libration in longitude. Again, the axis of the moon's rotation is not quite 
perpendicular to the plane, of her orbit ; thus, two other limes become 
visible by turns, whose extremities lie on that diameter of the lunar disc 
which is in the direction of the moon's motion, so that their greatest breadths 
lie on the diameter at right angles to the former. This is called the libration 
in latitude. The spaces that become visible by the two librations have parts 
in common ; the fringe of the moon's surface, thus rendered visible, is 

R 2 
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variable in breadth, being bounded by parts of four great circles of the 
moon^B surface. 

The diurnal libration is a less important libration, due to the earth's 
rotation on her axis. 

Line of Nodes. — See Nodes. 

Longititde, Geocentnc, of a heavenly body. — ^The angular geocentric 
distance of the body &om the first point of Aries, measured upon the ecliptic 
in the order of the signs. 

' Longitude, Heliocentric, of a heavenly body. — The angular heliocentric 
distance of the body from the first point of Aries, measured upon the 
ecliptic in the order of the signs. 

Longitude, Geographical, of a place, — The angle between two planes 
through the axis of the earth, one passing through the place and the other 
through a fixed station. Geographical longitude is measured through 180° 
east and west of the fixed station. The plane through the axis of the earth 
^nd the place on the earth, intersects the earth's surface in an ellipse, which 
is called the terrestrial meridian of the place. "*^ 

Longitude of Perihelion, — The heliocentric longitude of the perihelion 
of a planet's orbit. It is usually measured upon the ecliptic to the node, 
and thence along the orbit forwards or backwards, as the case requires; the 
sum or difference, respectively, of the arcs on the ecliptic and orbit, being 
taken as the longitude of the perihelion. A more satisfactory method woiQd 
be to assign the heliocentric longitude and latitude of the perihelion-point. 

Lunation. — See Synodical Month. 

Lune, — Part of the surface of a sphere intercepted between two great 
circles ; also a plane surface bounded by two circular arcs whose concavities 
are turned in the same direction. 

Major axis of an orbit, — See Axis of an orbit. 

Mean distance, — The mean between the greatest and least distances of a 
planet from the sun, or of a satellite from its primary. The mean distance 
is therefore equal to half the major axis of an orbit. The extremities of 
the minor axis of an orbit are at the mean distance from the focus. It may 
be remarked that the true average distance of a planet or satellite from 
the focus of its orbit, is somewhat greater than the semi-major axis of the 
orbit. 

Medium, Resisting, — ^A diffused aethereal matter supposed to occupy the 
inter- planetary and interstellar spaces, resisting the motions of all bodies, 
and perceptibly modifying the motions of such bodies as comets. The 
same medium is supposed to occupy the spaces between the atoms com- 
posing solid bodies, * passing as freely through the densest solid, as the air 
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through a grove of trees.* It is in this medium or lether that the vibrations 
of light, heat, and electricity, are supposed to be propagated. 

Meridian, Celestial, of a place. — The great circle of the heavens passing 
through the zenith and the poles. The meridian altitude of a celestial 
bodj is its altitude when crossing the meridian, or at the moment of meri- 
dian transit. 

Meridian, Terrestrial, — See Longitude, Geographical. 

Meteoric Stones or Aerolites. — Cosmical bodies which traverse the upper n^ 
regions of the atmosphere or fell upon the surface of the earth, commonly 
called shooting stars, falling stars, or fire-halls. It has been noticed that 
on certain days in the year, these meteors appear in greater numbers than 
on others, occasionally falling in showers on these days. For an ac- 
count of these periodic showers the reader is referred to Humboldt^s 
CJosmos. The theory now generally accepted in explanation of these phe- 
nomena is that suggested by Chladni, that: — Vast numbers of small masses 
of solid matter are dispersed through the interplanetary spaces ; they 
travel in irregular orbits tmder the influences of their mutual attractions 
and the attractions of the sun and planets ; and when they approach a 
planet of powerful gravitation, they are attracted towards it, and may fall 
upon its surface. The modem science of thermo-dynamics explains the 
brilliancy of these meteoric stones, and the feet that, in general, they are 
dissipated into vapour in passing through the earth's atmosphere. These 
effects are due to the intense heat generated as the vis viva of a swiflly / 
travelling meteoric body is destroyed by the resistance of the air. 

Milky Way. — ^The nebula of which our sun is a member ; it may be 
traced as an irregular luminous band extending completely roimd the 
heavens, and divided into two parts through a great portion of its length. 
It is probably similar in form to the great spiral nebulae. The irregular 
nebulae which lie near its borders — as the nebula in Orion, and the nebulae 
in Argo— are, in all probability, distant outlying wisps of the Milky Way. 
The Magellanic Clouds may be connected with the Milky Way in a different 
manner : — The spiral nebulae frequently exhibit amid their convolutions 
vast globular condensations ; and it is conceivable that the Magellanic 
Clouds are such star-clusters connected with the Milky Way by star- 
streams too distant to be visible. The conformation of the great nebula 
in Andromeda, which is probably a spiral nebula seen from the side, seems 
to indicate that the whorls of spiral nebulae may be separated by wide 
intervals from the mean plane of the spiral, a circumstance that woidd 
explain the distance at which the Magellanic Clouds are found from the 
borders of the Milky Way. 

Minor axis of an orbit. — See Axis of an orbit. 
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Month, Aiiomalistic. — The period of the moon's revolution from perigee 
to perigee of her orbit. 

Month, Nodical. — ^The period of the moon's passage from ascending to 
ascending, or from descending to descending node of her orbit. 

Month, Sidereal, — The period in which the moon passes through the 
twelve signs of the Zodiac. 

Month, SynodicaL — The common Lunar Month, or Lunation: — viz*, the 
period in which the moon goes through all her phases, as from new to new, 
or from fuU to full. 

Motion, Direct, of a planet, — ^The apparent motion of a planet in the 
order of the signs. 

Motion, Proper, of a star, — The apparent motion of a star due to 
the star's real motion in space. 

Motion, JRelative,-~'The change of position of one body with respect to 
another, when one or both are in motion. 

Motion, Retrograde, of a planet. — The apparent motion of a planet 
contrary to the order of the signs. 

Nadir,— ThQ point of the celestial sphere vertically below the observer. 

Nebula, — ^A collection of stars so closely congregated through effect of 
distance as to appear in ordinary telescopes as a cloudlike spot. 

Nebular Theory, HerscheVs, — ^A theory advanced by the elder Herschel, 
that certain classes of nebulae consist of true nebulous matter, self- luminous, 
and spread ^ in the manner of a cloud or fog through extensive regions of 
space.' Modem discoveries do not favour this supposition. It appears 
probable that, with sufficient telescopic power, all nebulae would be resolv- 
able into stars. Herschel considered the irresolvability of the great nebula 
in Orion (see Milky Way) a strong argument in favour of his hypothesis. 
Since HerscheFs time, this nebula has been resolved by the Parsonstown 
reflector, and by the Harvard refractor. Herschel's hypothesis is frequently 
confounded with Laplace's Nebidar Theory. Laplace drew an illustration 
of his theory, or rather of a part (probably erroneous) of his theory, from 
the views of Herschel ; but, beyond this, the two theories are in no way 
connected. 

Nebular Theory, Laplace^s, — See Note B, Appendix I. 

Node, — The points of intersection of any great circle on the celestial 
sphere with any other, are called the nodes of the former circle upon the 
latter : the point at which the former passes from north to south of the 
latter is called the ascending node, — its sign is S ; the opposite point is 
called the descending node, — its sign is Q ; and the line joining the two 
nodes is called the line of nodes or the nx>dal line. The elliptic is usually 
the circle of reference ; so that, tmless the contrary is expressed, the 
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ascending node of a planet^ a orbit signifies the point at which the planet 
passes from the southern to the northern side of the ecliptic. 

Oblate spheroid, — The solid figure generated by the revolution of an 
ellipse about its minor axis. If the ellipse revolve about its major axis, 
the figure generated is a prolate spheroid. 

Obliquity of the ecliptic, — The inclination of the plane of the ecliptic to 
the plane of the equator. 

Occultation. — See Eclipse, 

Opposition, — Two heavenly bodies are said to be in opposition when 
their longitudes differ by 180®. See Conjunction : similar remarks apply 
in the case of opposition. The symbol expressing opposition is^f . 

Orbit. — The path of a planet or comet about the sun, or of a satellite 
about its primary. 

Parallactic Inequality^ MoorC^, — An inequality in the moon's motion, — 
of some interest, as it has been applied to the determination of the sun's dis- 
tance. If we suppose that s (fig. 5, plate X.) represents the earth, P1P2P3P4 
the moon's orbit, and Qj the sun, then the investigation of p's motion 
about s (q at rest) in pp. 134-140 would suffice to explain the inequality 
in the moon's motion known as the moon^s variation. Now if Q^s be very 
great compared with s Pj, the ratio QjPg : QjS is very nearly equal to the 
ratio QjS: Q1P4, but not quite \ hence arises a small inequality in the effects 
of the moon's variation ; this inequality is called the moon's parallactic 
inequality. It never affects the moon's longitude by more than 2', and 
its period is that of a lunar synodical revolution. 

Parallax. — ^An apparent change in the position of an object, caused by 
a change in the position of the observer. 

Parallel, — A term sometimes applied to small circles of the celestial 
sphere, or of the earth's globe. The word parallel is used in combination 
with another term, as Declination, Latitude, or the like; and the small 
circle referred to is a circle for all points of which the element mentioned 
is constant. Thus, a Declination-parallel is a circle every point of which 
has the same declination, or is equi-distant from the poles of the celestial 
equator. Hence the plane of a Declination-parallel is parallel to the plane 
of the equator. 

Perihelion, — That point in the orbit of a planet or comet which is 
nearest to the sun. 

Period, or Periodic Time, — See Revolution, 

Perisatumium. — The point in a satellite's orbit nearest to Saturn. 

Perturbations, — Yariations of the motion of a heavenly body from the 
elliptic path it would describe about a central body, if imdisturbed by the 
attractions of the other celestial bodies. 



248 SATURN AND ITS SYSTEM. 

Phase, — The appearance at any moment of a celestial body subject to 
periodic changes of appearance. 

Planets, Minor, — See Asteroids, 

Planets, Primary, — ^The planets which revolve about the sun as centre. 

Planets, Secondary. — ^The satellites which revolve about some of the 
primary planets. 

Pole of a great circle on the celestial sphere, — The points in which a 
straight line through the centre of the circle, and at right angles to its plane, 
meets the celestial sphere. 

Precession of the Equinoxes, — A slow retrograde motion of the equi- 
noctial points upon the ecliptic. 

Prime Vertical, — See Vertical, Prime. 

Quadrature, — Two celestial bodies are said to be in quadrature when 
their longitudes differ by 90°. — See Conjunction and Opposition. — The 
symbol expressing Quadrature is D. 

Radius Vector. — An imaginary line supposed to be drawn from a body 
to its centre of motion, and to accompany the body in its revolution about 
that centre. 

Reflecting Telescope. — ^A telescope in which images of objects, formed by 
reflection in a polished mirror, are magnified by a lens or by a combination 
of lenses. 

Refracting Telescope, — A telescope in which images of objects, formed 
by refraction through an object-glass, are magnified by a lens or by a 
combination of lenses* 

Refraction. — A property by which rays of light are bent in passing 
through transparent media, or rather, by which the wave-fronts of light 
are made to travel in a new direction. 

Refraction, Atmospheric. — ^Refraction of light by the atmosphere. 
Atmospheric refraction has the effect of making all bodies appear higher 
above the horizon than they really are ; — near the horizon, by upwards of 
33' ; thence by an angle which at first diminishes rapidly, afterwards more 
slowly, till at the zenith it vanishes. 

Retrogradation. — Retrograde. — See Arc, and Motion. 

Revolution, Time of. — The period in which a body completes the circuit 
of its orbit about a centre. It is synonymous with the terms period, 
periodic time. For the different intervals of revolution in the case of the 
planets, see Anomalistic, Sidereal, Synodical, and Tropical Revolution. To 
these the Nodical Revolution may be added : it is the interval of passage 
from ascending to ascending, or from descending to descending node of this 
orbit; it will vary slightly with tJie node chosen as the starting-point. 
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owing to the variations of planetary motions. For the lunar revolutions, 
see Month. 

Eight Ascension, — See Ascension, Right. 

Rotation, — See Axis of Rotation. 

Sards. — A Chaldsean period, now known as the cycle of eclipses. It 
contains 223 lunations, or rather more than 6585 days ; in which period 
there are 238*992 anomalistic, 241-029 sidereal, and 241-999 nodical 
months. 

Satellite. — A moon attending on a primary planet. 

Sidereal Revolution. — The interval between the successive returns of a 
planet to the same heliocentric position among the fixed stars; or the 
period in which a planet, viewed heliocentrically, would appear to traverse 
the twelve signs of the Zodiac. The sidereal revolution of a planet is sub- 
ject to slight variations, owing to the perturbing attractions of the other 
planets. The average value of many successive revolutions is called the 
mean sidereal revolution of the planet, and is its true period. 

Signs of the Zodiac. — ^The twelve divisions of the Zodiac. Each divi- 
sion contains 30°. The names and symbols of the signs are as follows: — 

Spring Edgns. Summer signs. Antnmn signs. Winter signs. 

Aries . . . r Cancer . . <3 Libra . . -O: Capricomus. vf 

TaurtLs . . e Leo . . . Q, Scorpio . . r\ Aquaritis. . «» 

Gemini . . U Virgo . . -njj Sagittariics . f Pisces. . . k 

The Zodiacal constellations are each removed one sign from the sign 
whose name they bear. Thus the constellation Aquarius falls on the sign 
Pisces, the constellation Pisces on the sign Aries, and so on. 

Solstices. — The points of the ecliptic which are at the greatest distance 
north and south of the equator. The former point is called the Winter 
Solstice, the latter the Summer Solstice. When the sun is passing these 
points his daily change of declination is small, so that he appears for several 
days together to follow the same diurnal path. 

Southing. — ^The meridian transit of a celestial body is called the south- 
ing of the body, if such transit takes place on the visible southern 
quadrant of the celestial meridian. See Meridian. 

Spheroid. — See Oblate Spheroid. 

Stationary Points. — The points of a planet's apparent path on the celestial 
sphere, at which progressive merges into retrograde, or retrograde into 
progressive motion. 

Superior Planet. — A planet whose orbit lies outside that of the earth. 

Synodical Period, or Revolution. — The period which elapses between suc- 
cessive conjunctions or successive oppositions of a superior planet ; or 
between successive conjimctions of the same kind, of an inferior planet. 
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Telescopic Objects. — Objects not visible to the naked eye. 

Transit — See Meridian, Celestial, of a place. 

Transit of a Satellite, — ^The passage of a satellite axjross the disc of its 
primary. The passage of the shadow of a satellite across the disc is 
called a transit of the shadow. 

Tropical Revolution. — The revolution of a planet referred to the nodes 
of the plane of its equator upon the plane of its orbit. Thus a tropical 
revolution of the earth is the interval between successive passages of either 
equinox or of either solstice. The length of a tropical revolution varies 
with the point from which it is supposed to commence ; for the precession 
of the equinoxes carries them forward in each sidereal year by a quantity 
very nearly uniform, whereas the motion of the earth is variable in 
different parts of its orbit. Thus, if the vernal or autumnal equinox is 
the commencement of a tropical year, the period has very nearly its mean 
value, since the earth at the equinoxes is very nearly at its mean distance 
from the sun ; bu^ the period estimated from the vernal is rather greater 
than the period estimated from the autunmal equinox, the motion of the 
earth being rather more rapid near the vernal than near the autumnal 
equinox, so that the sidereal year is diminished by a smaller quantity in 
the former than in the latter case. The mean tropical revolution of the 
earth, or the mean tropical year, is equal to the sidereal year diminished 
by the interval in which the earth would move with her mean velocity 
over an arc equal to the annual precession of the equinoxes. An applica- 
tion of the same principles in the case of Saturn will be found under the 
explanation of Table X. 

Vertical Circles, — Circles passing through the zenith and nadir of the 
celestial sphere. 

Vertical, Prime. — The vertical circle through the east and west points of 
the horizon. 

Vis Viva, — ^The vis viva of a particle is the product of its mass into the 
square of its velocity. The vis viva of a system is the sum of the vires 
vivcB of the particles composing the system. It is sometimes stated that 
the vis viva of a system free from external influences is constant. This is 
not exactly true, as will appear from a simple illustration : — ^Let two per- 
fectly cold bodies be supposed to start from rest under the influence of 
their mutual attractions only : they will approach with constantiy increas- 
ing velocity ; and thus the system, which at first had no vis viva, gradually 
acquires a larger and larger amount of vis viva till the bodies impinge, 
when more or less of the acquired vis viva will take the form of heat. 
Since the * true living' force of a system (as distinguished from the techni- 
cal vis viva) can never be diminished or increased save from external 
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sources, it may be aaked, * What was the form in which this acquired vis 
viva, or its equivalent heat, originally appeared in the system V Though 
the attraction of gravity between the two masses plainly operated to 
generate the vis viva acquired by the system, yet that attraction fdone 
would not have produced such effect; since, if the two bodies had 
been originally in contact, the attraction of gravity would have sub- 
sisted between them, yet no vis viva would have accrued. The element of 
distance plainly has to be considered ; and the answer to the above question 
is, that * the work done in removing the two bodies from contact to the 
given distance is the " living force " of the system.' This living force may 
be variously distributed in vis viva and change of distance ; or again may 
appear in the form of heat, which is merely the distribution of vis viva and 
change of distance among the molecules of the two bodies ; but whatever 
forms the living force of the system may assume, it can never be dimi- 
nished or increased but by the operation of external influences. The same 
is true of all systems, however varied or complex the relations they may 
present. 

Year, Aj^omalistic. — The period of the anomalistic revolution of the 
earth about the sun. See Anomalistic Revolution. 

Tear, Sidereal ^The period of the sidereal revolution of the earth about 

the sun. See Sidereal Revolution. 

Tear, Tropical. — ^The period of the tropical revolution of the earth 
about the sun. See Tropical Revolution. 

Zenith. — ^The point vertically above the observer's head ; or, in other 
words, the pole of the horizon. 

Zenith Distance. — The complement of the altitude of a heavenly body ; 
or, in other words, the angular distance of a heavenly body from the zenith. 

Zodiac. — ^A belt of the heavens extending 9° on each side of the ecliptic. 
Within this belt the sun, all the primary planets, and by far the larger num- 
ber of the asteroids perform their revolutions. 

Zodiacal Light. — A light in the form of a long triangle, observed in 
spring above the western horizon after sunset, and in autumn above the 
eastern horizon before sunrise. The light extends obliquely upwards 
(the base of the triangle being towards the horizon) to a distance from the 
Sim's place varying from 40° to 100°. The breadth of this meteor at its 
base varies from 7° to about 40°. It probably consists of flights of small 
disconnected cosmical bodies travelling about the sun, as the satellites 
composing Saturn's ring travel about Saturn. The bodies composing the 
parts of this meteor nearest to the sun must travel with tremendous velocity, 
and as the vis viva cf the system, and especially of its interior zones, 
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gradually diminishes through the effects of collisions, flights of these bodies, 
becoming entangled in the solar atmosphere, must be dissipated into 
vapour through the effects of intense heat, and spreading over vast areas 
of the solar surface generate the light and heat distributed bj the sun 
to the worlds that revolve around him. 
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